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S~ AMSTRALT'

, ~Stanton number meas•urements have been made for a transpired Lurbu-

5 lent boundary layer on a rough surface. Tests were conducted at uniform

blowing tractious trom U to .008, with ,uiform surface temperature and

uniform free-stream velIcity. The x-Reynolds number range of these tests

was f row 10 5 tox'lu 7 and-itie roughness Reynolds number range from 2U

to 2UU. 1%&e/data are believed to be accurate to within _ .tOU1 Stanton

numr units over must of L::s range. At each test condition, several

velocity profiles wore taken to measure thLe boundary layer growth. The

boundary layer moumntus thickness variation along the test suuace hab
been used to estimlate rough-plate skin friction.

I Te data indicate th" expected increave in both skin friction anJ

heat transfer due to roughness. The data display some unusual features

when plotted against boundary layer size_.. Vor any given value of F,

tor all free-stream velocities, the Stan~ number data fall on a single

curve when plotted against enthalpy thi'.kns\ and the skin friction data

collapse (but lesa well) to a single curve when plotted against momentum

t~hickness. This behavior might Iave been expected for a "fully rough"

S 3plate but was not expected at the lower end of the roughnmss Reynolds

number range of these tests. The blowing data indicate that within the

uncertainty of the experiment, a form of the Couette flow model used for

smooth surface boundary layerw can also b4 used for rough surfaces to

predict tie effects of blowing on Stanton number.

Predictions of the experimental boundary layers havw been carried

out using a finite-difference boundary layer prediction method which

S I employs the Patanker-Spalding tinite-difference forwilation and a mean

field closure with a mixing-length model employing van Driest type damp-

3 ing. The effects of roughness have been incorporated into this predic-

tion program by modification of the mixing-length model uded for smooth-

surface tLrbulent boundary layers.

Tre appar'tus constructed for these tests is a closed-loop wind

tunnel using air at essentially ambient condition as both the transpired

and free-stream fluid. The rough surface consists of 24 porous plates

I!i
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forming an eight foot long test section. The individual plates were

fabricated by brazing together 50-mil OFlC rcopper balls stacked in

their most dense array. In the test section assembly each plate is

individually controlled with its own electric heater, transpiration air

supply and instrumentatlon. The construction of the test section is

such that blowiug, no blowing, and suction cases can be tested.

I
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NOMENCLATURE

A van Driest damping funcdton for a smooth surface.

AR van Driest damping function for a rough surface.

B Blowing paramter, F/St.

Cm Defined by Equation (4-9).

c Specific heat of fluid, Btu/lb M*F.
2cf Skin friction coefficient, ¶/ (Pu/a/2)

d Pipe diameter, ft.
+ 1 +E Parameter defined by the equation y Z 1n (Ey )

F Blowing fraction, p0 vo /&2,u. .

gc Proportionality factor in Newton's Second Law, lb ft/lbf sec 2

G Free-stream mass velocity - pu%, lb M/see ft2

k Roughness particle size, ft.

k Equivalent sand grain roughness size, ft.

£ mixing length, ft.

tX£ Mixing length at wall. ft.

SMass flux through the plate surface, lb /sac ft

n Exponent in equation (1-1).

r Ball radius, ft.

T Temperature, *F.

u Boundary layer free-stream velocity, ft/sec.

SShear velocity - ,iT ogc-po I ft/swc.

v Velocity normal to the test surface, ft/sec.

v Average velocity in a pipe flow, ft/sec.
x Distance measured downstr*4Ln trom test section inlet, ft.
x Distance measured downstream fxum test section inlet to virtual

odoigin, ft.

y Distance normal to the surfaco, ft.

xiii



Nomanclture (cont.)

Greek

Q Thermal diffusivity, ft 2/sec.
L2

V Kinematic viscosity, ft 2/sec.
2

T ° Wall shear stress, lbf/ft

6 Boundary layer displacement thickness, ft.

699 99% thickness of the momentum boundary layer, ft.

A Proportionality constant used in outer region mixing-length.
formulation (Z - X699).

K Mixing-leaugth constant. Z - K'y.
e Boundary layer momentum thickness, ft.

A Boundary layer enthalpy thickness, ft.

p Density, lb M/ft 3.

I Viscosity, lb m/sc ft.

W. • Humidity, lbm water vapor/lbm dry air

Diuensionless Groups

Red Pipe Reynolds number - dy/,v.

Ra.k Roughness size Reynolds number - ku,./V.

Re Roughness Reynolds number - ksu/ /.

Re x-Reynolds number - xuj/v.

Ree Momentum thickneas Reynolds number - Ou./v.

ReA Enthalpy thickness Reynolds number - AU,/v.

St Stanton number - h/Gc

ASt Stanton number error, see Equation (2-2).

St0  Stanton number without blowing - h/Gc.
Pr Prandtl number - v/a.

Prt Turbulent Prandtl number.
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Noenclature (cant.)

Subscripts,

Refere to free-etrea conditions.

w Refers to value on fluid side of waJl1 - fluid interface.

T Rifers to condition of trnapiraetion flow bWieath porous plate.

H Thermal (used as muiung-langth subscript).

u Momntum (used as uixinlength subscript).

* Smooth surface value.

Sup erscripts

+ Refers to variables non-dimsnicniabzed in wall coordinates;

y yu/V.
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CYUiSTLh I

INTRODUCTION AND BACKGROUND

Heat transfer between a surface and a fluid stream is affected by

the surface conditio-a, the fluid properties, the velocity field, aand the

t.,urmal boundary conditions. Studies of this comlex interaction are

generally conducte'i by fixing all but one of these descrY.ptors and vary-

ing thc remaining one to determine its effect. Most prior studies of

bouLdary layer heat transfer have been concerned with the effects of

fluid properties, tLmpeVAture boundary conditions, or iuain stream veloc-

ity dittribution. Current interest in protecting surfaces by transpira-

Lion or ablation has introduced a class of problems in which surface

rougl•ness is an unavoidable leature.1

A. General Background

Much of what we i"ww about rough surftce hydrodynamics is based on

ideas and results of the pipe flow experiments by Nikuradse [9].2 To

avoid the difficulties of defining an arbitrary rough surface with an

uncertain distribution of roughness elements, le investigated the flow

through sand-grain roughened tubes. Roughness elemcnta for these exper-

iments consisted of selected sand, carefully sieved and attached in

maximum density to the tube walls. The roughness in these experiments

was described by a single parameter, ks, the size of the sand-grain

elements. This 'sand-grain' measure of roughnesn has become a standard

in skin friction studies. It is still common practice to express the

effect of an arbitrary roughness in terms of an 'equivalent sand-grain

roughness', k

1 Thi, introductory paragraph was first used by Professor Moffat in the

original proposal to the Navy for the rough surface research contract
that supported these tests. This same inteoduction was repeated again
in each of the 12 quarterly reports describing our progress on the project.
It seems appropriate that it be used again to introduce the final report-
ing of this phase of the roughness work.
2 Numbers in brackets refer to references listed at the end of this report.



The pipe flow experiments shoved three domains of behavior in terms

of the roughness Reynolds number, Re. - u Tk /V. For values of -jughness

Reynolds number less than 5 the flow bahaved as though the surface were

smooth. For values of roktghness Reynolds niruber greater than 70, the

pipe friction factor became independent of Reynolds number, Red vd/V.

This state was described as 'fully rough'. Values of roughness Reynolds

number between 5 and 70 defined a region of 'transitonal roughness'.

Prandtl [10] and von Karman [11] used Nikuradse's results (in 1934)

to predict the behavior of the rough surface boundary layer. These pre-

dictions indicated that thb, boundary layer would attain a 'fully rough'

state such that the skin friction would be a function only of x/ks.

Early rough surface bc uudary layer experimental studies were carried out

by Moore [12] and Hanma [13]. Moore looked at air flowing over a flat

plate roughened by regular arrays of square bars attached to its surface.

Ham-s's experiment was carried out with air flowing over surfaces rough-

ened by screens attached to them. Several other experimenters looked at

the rough surface boundary layer, but most notable among these were two

studi,•= by Perry et al. [14,15] and Liu et a4. [16]. The experiments by

Perry and his co-workers were carried out with lateral rectangular bars

on a flat plate and with zero and adverse pressure gradients. They found

that pressure gradient did not alter the roughness effects on the bound-

ary layer. They also attempted to simulate a change in effective sand-

grain roughness by changing the spacing between the array of bars used to

roughen the plate. They found that changing the bar spacing did not

change the effective sand-grain roughness of the surface as had been ex-

pected. This led them to define a second type of roughness whose beha-

vior, unlike sand-grain roughness, could not be correlated in terms of

an external length scale, but scaled on the 'logarithmic asymptote'.

This is the distance between the top of the roughness elements and the

apparent surface of the plate, the plane where the velocity profiles

extrapolate to zero.

The experiment by Liu was conducted in water using an array of rec-

tangular bars to roughen the otherwise smooth surface. Liu also varied

his bar spacing to change the roughness of his surface and determined

2



equivalent sand-grain roughnesses for all surface roughness that he

3 tested. lie was not able, however, to correlate his skin friction data
from differen, surface roughnesses with a single x-Reynolds number ex-

pression. Liu's report also contains a very complete table of both the

experimntal and analytical work that lhad been done till then (1966) for

both tough pipe and boundary layer type floww.

More recent rough surface hydrodynamic studies have been made by

Grass 117], who used a hydrogen bubble technique to measure iastantaneous

- velocity distributions in a water tunnel above a sand-grain roughness.

His study documented details of the turbulent structure near the wall,

Wu [181 used a iloating element balance to measure skin friction in an

air tunnel with a sand-grain roughened surface. These tests showed

'fully rough' behavior and agreed well with the Pradti-Schlichting pre-

diction. Tsuji and Lida 1191 examined velocity profiles over rough

[ surfaces and showed that they could be predicted using a modified Mixing-

length approach, maintaining a non-zero value of the mixing length at

the wall. In a related study, Antonia and Luxton [201 investigated the

eifect of au abrupt change from a smooth to a rough surface. In this

study the rough surface was constructed from parallel square bars like

many earlier studies, but one of the bars was inptrumented with static

pressure taps to provide a direct measure of form drag. The metlhd of

measuring form drag on individual roughness elements was also used by

Perry 1141. lownes ut al. [21,221 have studied the structure of turbu-

lent flow in sand-grain roughened pipes.

B. Previous Heat-Tranufer Experimental Work

I Much less has been done in the field of heat transfer. One of the

first systematic rough surface experimental studies was carried out by

.eNunner [23]. These experiments used air flowing through rough pipes.

The results were used to establish a simple empirical relationship between

L the increase in Nusselt number due to roughness and the increase in the
skin friction. Several important heat transfer studies followed, notably

I by Dipprey and Sabersky [24], (wen and Thompson [25] and Gowen and Smith
[261.

3 i



Dipprey and Sabersky looked at the flow of four fluids of different

Prandtl numbers through one smooth pipe and three rough pipes. These

studies demonstrated that rough wall heat transfer varied with the

Prandtl number, even in the fully rough regime where molecular viscosity

effects seem not important.

Owen and Thompson proposed a flow model near the rough surface which

explains why increasing surface roughness can increase the heat transfer.

Based on their ideas, they developed an expression for a sublayer Stanton

number which was able to correlate a large block of the rough pipe heat

transfer data.

Gowen and Smith studied flow in several rough pipes using fluids of

three different Prandtl numbers. In one qf their pipes they were able to

make temperature profile measurements in the flow over the rough wall.

Like earlier investigators, they developed an expression for rough wall

Stanton uumber based on the rough wall skin friction, but in this case

they were able to include information obtained frorn their temperature

profiles.

There were, of course, other rough wall heat trarnafer ,tudies, mostly

confined to internal flow applications. Two papers which s",-imarize this

work are by Sood and Johnson [29] and more recently by Nor.'is [301. The

survey by Norris points out that of the many forms of rough wall heat

transfer correlations that have been proposed, none is simpler or has had

a great deal more success i-n correlating the data than the simple expres-

sion by Nunner,

Nn

Nu f

where the exponent n can be expressed as a function of Prandtl number.

The general form of this relationship is shown in Fig. 1.1, and Norris's

recommended Prandtl variation is shown in Fig. 1.2. An approximate ex-

pression for the exponent is:

n - .68(Pr) 0215. (1-.2)

4



AnA interesting feature of all the pipe experiments is that there is a
'cciling' which corresponds to a rough-to-smooth skin friction ratio of

about 4.0. This ceiling seems to vary with the type of roughness, with

sand-grain roughness producing lower heat transfer than surfaces rough-

Cned WILh wires and square ribs. This range in the heat transfer ceiIing

is uhaded in Fig. 1. 1. For increaes in skin friction above this ceiling,

"Utere is not a corresponding increase in the heat transfer.

There continues to be current interest in rough wall heat transfer.

Much of it is specitically related to heat transfer to nose cones and

other re-entry vehicles. Unfortunately, much of the work done is not

in the open literature. Two related studies by Reshotko [27] and Boldman

and Grahaim [281 examine heat tratsfer to a nozzle with a rough surface.

C. Rough-Surtace Heat-Transfer Models

Several authors have presented prediction methods for rough wall

boundary layer heat transfer. Integral boundary layer prediction

schemes which include roughness effects have been described by Dvorak

[A2,331 and by Chen [31]. Nestler [34] has proposed a scheme using a

correlation by Owen and Thompson to relate the increase in Stanton num-

ber due to roughness to the increase in the skin friction and other

boundary layer parameters. Finite-differeuce turbulent boundary layer

prediction schemes which include roughness effects have been described

by Lumsdaine Ut al. [351 and by McDonald and Fish [361. Each of these

studies has modified the mixing-length distribution to introduce rough-

ness effects. The Lumsdaine paper discusses a prediction program for

bkin friction only. It employs a van Driest type daWp.ed mixing-length

model near the wall. ro account for roughness, they follow the recom-

mendstion of van Driest [391 and add an additional term to the tutxing-

length damping oxpression which includes a roughness parameter.

The McDonald and Fish method includes both skin friction and heat

transfer calculations. Roughness effects are entered through the mixing-

length damping by defining an incremental damping due to roughness which

is added to the normal boundary layer damping. This damping effect is

the sole means oi including roughness effects into both the hydrodynamic

and heat-transfer predictions in this method.I 5



D. Objectives of the Present Research

The first objective of this study was to find a suitable rough sur-

face to test. We sought a surface which was at the same time repeatable,

describable, and also porous.

The second objective was to measure the heat transfer from the rough

surface to a turbulent boundary layer over a wide range of free-stream

velocities. A* a secondary part of this objective, the overall hydrody-

namic performance of the rough surface was to be determined in terms of

boundary layer growth and skin friction.

The third objective was to study the effect of blowing on the rough

surface heat transfer to determine whether or not transpiration changed

the effective roughness.

A final objective was adopted after the apparatus had been comple-

ted and testing had begun: to study the effects uf roughness and blowing

on heat transfeL in the taansition region. At the lowest test section

velocity, it was discovered that a fully developed, laminar boundary

layer existed over the first quarter of the t2st section. It was de-

cided that instead of tripping the boundary layer at the test section

inlet to iamudiately establish a turbulent layer, that we would euawune

the effects of blowing and test section velocity in the transition

region as these data would be of considerablo interest and could be ob-

tained at minimal cost.

E. General Features of the Progr m

Spherica) roughnesw elements were selected for this study. The

test surface was constructed from O.050 inch diameter O.F.H.C.

copper balle arranged such that the surface formed a regular array of

hemiupherical caps. This surface was more regular than sand grains,

being geometrically describable, but more like sand-grain roughness than

the transverse-bar roughness elements used in other tests.

High-conductivity copper balls were used in fabrication of the sur-

face to ensure a high thermal conductivity of the porous plates. With

a high-conducLivity surface, heaterg can be embedded into the plate and

yield a uniform surface temperature, independent of whether the transpi-

ration is "on" or "off". This allows us to use the same surface to test

6
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both the unblown as well as the blJ.o boundary layers. This is a neces-

sary requirement if we are to determine if bLowing changes the effects

of surface roughness.

The apparatus constructed to test this rough surface has the capa-

bility of operating over a wide range of free-stream conditions selecte"

to optim.ize the usefulness of the data. Fig. 1.3 shows an operating map

of tho. rough surface heat transfer apparatus. The coordinates used for

this map describe the performances in terms of a roughness particle-size

Reyn&Ads number and an x-Reynoids number. The range of test section

velocities of the ri£ w'as selected such that at a given particle-size

Reynolds number, the x-keyroldhd number could be varied by a factor 4f

10 . In these coordinateN, it's possible to overlap operating conditions

with thg existing smooth surfa(.e boundary layer apparatus. The rig

operating parameters were also restricted to ensure an essentially

constant property boundary layer to minimize the effects of variable

fluid propert £es.

The following chapters describe the heat transfer apparatus and its

qualification tests, the data which have been obtained in these tests,

and, fUnally, tire attempts to predict the data with a finita-differeace

boundary layer prediction program.

(

1.
i
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CHAPTER II

THE EXPERIMTAL APPARATUS

The apparatus used in these experiments was constructed especially

for this study and in the discussion that follows, it will be referred

to as the Roughness Rig. The Roughness Rig i& located in the Thermo-

sciences Laboratory on the second floor of the Mechanical Engineering

Bui] lng at Stanford. Its basic design was copied after an existing

heat transfer facility which the Heat and Mass Transfer Group at Stan-

ford has used over the past six years to investigate the transpired

turbulent boundary layer on a smooth surface. This heat and mass trans-

fer apparatus was described first by Moffat [1]. References[2 - 81

describe modifications that have been made since Moffat's original ex-

periments. This existing HMT Rig is still very much in use and continues

to play an important role in the Heat and Mass Transfer Group's research

activities.

A. Description of the Apparatus

The Roughness Rib 4s a closed loop wind tunnel using air at essentially

ambient conditions. Its test surface consists of a 24-segment porous

plate, 18 inches wide and 8 feet long, Figure 2.1 shows a flow schematic

of the four main rig systems: main air supply, transpiration air supply,

plate heater electrical power system, and the heat exchanger cooling

water system. A photograph of the Roughness Rig is shown in Figure 2.2.

The following is a description of the four main rig systems.

A.1 The Main Air Supply System

The flow path of the main air system is as follows: (1) main air

blower, (2) overhead ducting to an oblique header, (3) main-stream heat

exchanger, (4) screen box, (5) nozzle to test section inlet, (6) 8 foot

long test section and (7) a multistage diffuser which returns the main-

strt~am air back to the blower.

10strem ai bac to he bower



The Roughness Rig main air supply blower is a 445-BL Class 3 Buffalo

Blower with a 20 horsepower belt drive. At rated conditions, this blower

deli,,ts 8300 cfm and develops a head of 12 inches of water. The blower

and Or,.ve are mounted on a 900 lb seismic base to minimize vibration.

Flexible boots connect the blower to the remainder of the tuanel. The

Smain air stream velocity in the test section is varied by changing the

pulleys and belts on the blower and drive. The range of blower speeds

L attainable with this drive arrangement is from the blower rated speed

of 2400 rpm down to 372 rpm.

From the main blower discharge, air is delivercd through a 24"

diameter overhead duct to an eblique inlet header on the main-stream

heat exchanger. Ductiaqg const•'uction is from galvanized sheet metalH. with gasketed joints and sealed internally at all seams with a silastic

gasket sealer materi&l. The oblique inlet header to the heat exchanger

was designed based on recommendations by Wolf [40]. The header shape

is specified for uniform flow distribution and minimum pressure loss.

The header supplies air to a 5 row, 33" x 48" heat exchanger used

for main air stream temperature control. The heat exchanger cooling

water is continuously pumped from a holding tank through both the main-

stream heat exchanger and the transpiration air heat exchanger. In

operation, the cooling water temperature is adjusted until the main-

stream air at the test section inlet is at r.;oient temperature. This

avoids the formation of a thermal boundary layer prior to the test section

inlet.

The heat exchanger is followed by a screen box containing four

stainless steel, #40 mesh, 0.0065" dia. wire screens. The screens were

sized to minimize the mean field velocity disturbances as well as reduce
the main air stream turbulence level. Based on the work of Schubauer

et. al. [41], this screen pack should reduce mean velocity disturbances

by a factor of 600 and turbulent fluctuations by a factor of 10. TheI screen pack combined with the large area contraction nozzle provides a
uniform and well damped inlet velocity field to the test section.

$ t Details of the inlet velocity field measurements are reported in Section

F.
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The nozzle accelerates the flow from the screen box to the test

section inlet, a 19.8 to 1 area contraction. The nozzle wall design is

based on a polynouiinal shape as recommeded by Rouse and Hassan [42].

This conforms with experience in designing similar nozzles at Stanford.

The wall shape, which is a two-dimensional contraction, has been chosen

such that both the f i, .t and second derivatives of flow area are zero at

the nozzle exit. There is a slight acceleration in the inlet flow to

avoid possible separation in this region. This was accomplished by

designing the nozzle length for 40" aud cutting off the first inch when

the nozzle was actually built. A teledeltos model of each of the nozzle

walls was used to insure that the nozzle smoothly accelerated the flow

and there was not separation at inlet or exit.

The test section consists of the test plate assembly, two side walls

and a movable upper surface. At the inlet, the test section is 20 inches

wide and 4 inches high. The upper surface is pivoted at the inlet so that

it can be adjusted to give either an increasing or decreasing flow area

in the flow direction. The top and side walls are constructed from contin-

uous sheets of 1/2 inch thick plexiglass. The top is sufficiently flexi-

ble so th~at it can be warped to accomodate the nonlinear growth of the test

section boundary layers. The side walls contain two sets of static press-

ure taps, on 2 and 12 inch centers in the flow direction. The pressure

taps on 12 inch centers in the. flow direction are used to position the

top to achieve the desired free stream velocity distribution. The tests

described here were conducted with uniform free stream velocity. To

obtain this test condition, the top wall is set, experimentally, for

each run by adjusting it. until there is no measurable change in static

pressure along the test section centerline. In practice, local deviations

of +.001 inches of water were accepted. A probe sled, which spans the test

section, locks onto the side walls in fixed positions over the center of

each of the 24 individual test plates. Probes, supported from this sled

extend down throughi access holes in the movable top. In addition to the

access holes along the test section centerline the second, eleventh and

twenty-third (of twenty-four) of the individual test plates are pro-

12



vided with a full set of access holes extending across the width of the

test sectioni on one inch centers. These are primarily to examine boundary

layer unif urmity in the transverse dIrection.

I Flow from the test section exits into a multistage vaned diffuser.

The diffuser inlet has a movable top to allow alignment with the test

I section top. The inlet section is followed by three separate vaned two-

dimensional diffusion sections finally emptying into a plenum box. The

diffuser area ratio between test section and plenum box is in excess of

1. 7:1. The plenum box is co~in&ccted to the main blower inlet through a
flexible boot. Each of the individual diffuser sections were designed

L based on the experimental work of Cocharan and Kline [43] and the total

diffuser reLovers approximately 40% of the kinetic energy head in the

flow leaving the test section. A small charging blower is attached to

the plenum box to, make up air leakage from the tunnel. This blower is

used to ensure that the test section static pressure is equal to the

ambient pressure in the laboratory. This avoids any leakage of air into

or out of the test section which might disturb the two-dimensionality

t.. of the flow.

Appendix A contains a brief description of the construction details

of the screen box, nozzle and diffuser.

A.2 The Tr~anspiration Air Supply System

The flow path of the transpiration air system is as follows: (1)

inlet air filter box, (2) transpiration blower, (3) transpiration heac

exchanger, 4) transpiration flow header box, (5) individual delivery

tubes to each of the porous plate sections.

The purpose of the inlet filter box is to prevent clogging and con-

tamination of the porous plates. It is constructed using 5 micron re-

[tention filter felt material and is sized to have 60 square feet of filter

area.

The filter box is connected to a Buffalo type V, size 25 blower.

This blower is driven by a 15 horsepower, 3600 RPM motor, connected

directly to the blower. In this configuration, the blower runs at one

speed and transpiration flow is controlled by ball valves in the individ-

11



ual delivery lines. This particular blower was designed for a higher

voluimetric flow than is required at low tranopiration rates. In order

to avoid of f-design operation, the blower was equipped with dump valves

so that a part of its discharge air could be dumped back into the lab.

It was found, however, that the blower performance was stable over the

entire flow range of interest in these experiments without venting its

discharge.

Transpiration air from the blower is delivered through a 10 inch

flexible duct to a large box containing the transpiration air heat ex-

changer and bypass system which allows partial or total heat exchanger

by-pass. A 5 row, 18 x 24 inch heat exchanger is ut~ed in the transpira-

tion system. The heat exchanger receives its cooling water from the

same recirculating water system, which supplies the main air heat ex-

changer. From the heat exchanger enclosure, the transpiration air is

passed through several mixing turns, then dumped into a header box. In

operation, the heat exchanger and its by-pass system are used to insure

that the transpiration air is delivered to the header at ambient temper-

ature. This avoids the formation of temperature gradients in the de-

livery system which acts itself like a heat exchanger between the tran-

spiration air and the laboratory.

The transpiration header box is physically located under the test

section. Individual supply lines, one for each porous plate, are con-

nected to the side of the header box. The first section of each supply

line is a 3 foot long riser reaching from the header box to a ball valve

used to control the flow to each plate. In each riser section, upstream

of the valve, is a hot-wire type flowmeter. Details concerning the

fabrication and calibration of these flowmeters are described in Appendix

B. The hot-wire flowueter was chosen because of its wide sensitivity

range. The range of flows which must be accurately metered to cover the

operating range of the Roughness Rig is from less than 1 cfm to over 50

cfm. To cover this range with a loss-based metering system such as an

orifice or rotsmeter would require two or more parallel meters in each

line. To complete the supply line from the control valve to the test

plate assembly, 1 inch flexible tubing was used. This final link in

the supply lir~e makern the Roughness Rig transpiration system compatible

14



with the existing HM1T Rig plate assemblies. It would be possible to

[C install the existing smooth plate assemblies on the Roughness Rig and

they would be completely compatible with the transpiration system. To

[Cimz th inte-action between the transpiration air and the surround-

ings. h heade~r box and supply 14.nes have been insulated. The header

box is covered with a layer of aluminum foil backed, rock wool insula-

tion and the supply lines have been encased in a cardboard and masonite

* [ zone box to insure a thermally uniform environment for the system.

Thermocouples in the individual supply lines indicate temperature dif-

ferences on the order of one degree Fahrenheit from end to end of the

8 foot header box. the hotter end being nearest the transpiration blower.

When a blown boundary layer is established in the test section, the

transpiration system operates in an open loop mode. Transpiration air

is drawn in through the filter box and delivered to the test section.

* It is then dumped, downstream at the diffuser plenum box. The small

charging blower which is used to control test section pressure is dia-

I connected and air is bled from the diffuser plenum box through a control

slide valve. Test section static pressure can easily be balanced to

match the ambient pressure by controlling the flow of air through the

control valve.

When boundary layer auction is required the flexible duct connection

is moved to the suction side of the blower and the blower discharge is

used to charge the diffuser plenum to provide test section static pres-

sure control.

A.3 The Plate Header Electrical Power System
The plate he~arer power supply is a 750 amp. 24 kilowatt Lincoln Arc

1. ~Welder. The field r'-istance of the welder has been modified to fix its

output at 22 volts D.C. Power connections are made to the ground and

'high point' taps on the welder to minimize line voltage droop with in-

'. creasing load. Power is delivered to a bus bar box mounted on the side
of the Roughness Rig th~.ough overhead copper bus bar system. Each in-

[C dividual plate has its own heater which consists of a single piece of

#26 AWG stranded copper wire with irradiated PVC insulation. This wire



is laced back and forth in eight grooves in the back of the plate. Ends

of the heater wire are connected to #12 AWG stranded copper leads which

pass through the side ef the aluminum support casting. One heater lead

is connected to a precision A-eter shunt, one for each plate, and then
to the ground bus bar in the box. The other lead is connected to a

power transistor mounted on the other bus bar in the box. The power

transistor is part of the power control circuit for each plate heater.

Plate power is controlled by individual amplifier circuits, one for each

plate, which can adjust heater voltage. All of the control circuit ele-

ments except the power tnransistors on the bus bar havo been reduced to

a printed circuit assembly, 6 channels per board and are mounted in a

card box behind a control panel in the instrument console located on the

left of the rig, ate Fig. 2.2. On this control panel are potentiometers

with digital read out faces and small edge voltmeters which indicate

heater voltage for each channel. The plate voltage and therefore the

power is proportional to the potentiometer setting for that channel. By

recording pot settings from a particular run, test conditions can be very

nearly repeated by resetting the pots to their former aetting. A detailed

description of the power control circuits isa given in Appendix C. The

bus bar on which the power transistors are mounted acts as a heat sink

for the power transistors. Under certain conditions theme transistors

reject a substantial heat load and it is necessary to provide water

cooling of the bus bar. This was accomplished by soft soldering 1/2 x 1

inch rectangular copper wave guide into two parallel grooves milled

lengthwise in the surface of the 8 foot long, 3 x 3/8 inch copper bus bar.
The wave guide is used as a cooling water passage to reduce transistor

temperatures. A magnetic valve wired into the starter switch circuit
for the welder power supply automatically turns the bus bar cooling

water on when the welder is started. A time delay relay set for a one

minute delay insures that the bus bar cooling continues until after the

welder has coasted down once it has been stopped.

Heater power measurements tire made by measuriug the voltage drop

across the heater and across a precision shunt in the heater circuit.

Heater voltage and shunt voltage leads are carried in shielded pair4 to
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L ~selector switch read-out stationsi. These selector switches are 'zone

L boxed' to prevent any thermally induced, stray signals which could intro-

duce errors in power readings.[ These read-out stations are also equipped with VIDAR plug connections

which will allow automatic data acquisition at a late- date. The ammeter

shunts urged for power read-out were individually calibrated, in place,
against a high precision shunt from the Thermoscience~s Measurements Center.

In addition to individual shunt calibration, the shunt connections were

potted with RTV compound to insulate them against possible external thermal

effects and each of the 24 shunts were provided with an air cooling system

V to insure thaL there would be no stray thermally induced EMF signals.

A.3 The Heat Exchanger Cooling Water System

Cooling water for both the main air and transpiration air heat ex-L changers is supplied from a single loop which continuously circulates

cooling water through both heat exchangers from an insulated holding tank.

f ~By maintaining a high water circulation rate3, in excess of 20 GPM, temper-

ature gradients across the heat exchangers are miaimized. This ensures

uniform temperature in the air being cooled. The main air heat exchanger

is sized to remove the heat load from the main blower as well as the

heater power added in the test section. The trauspiration air heat ex-

L changer removes the heat load due to the transpiration blower. Temper-

ature control of the cooling water is achieved by dumping a portion of

the heat exchanger return water and making it back up from the water

supply main. The make-up water is mixed in the holding tank to provide

a buffer against temperature fluctuations in the supply water. It was

found that the cooling water temperature dominated the exit air temper-

ature from both the main and transpiration air heat exchangers. This

'q~. was not unexpected for an air-water system with high effectiveness heat

exchangers such as are used here. By holding the circulating water

L ~temiperature just below the ambient temperature, the exit air temperAture

from both heat exchangers can be held at the laboratory ambient temper-

ature.
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B. The Test Plate Assembly

The test plate assembly forms the bottom surface of the Roughness

Rig test section. Its design has been copied after the test plate

assembly used in the existing HMT Rig. It is 22 inches wide, 2 inches

widir than the inside dimension of the test section, and 96 inches long

in the flow direction. It ia made up of four subassemblies, bolted to

a common support structure. Each subassembly consists of an aluminum

cauting in which are mounted 6 individual porous plates, each 4 inches

wide and 18 inches long. The porous region of the test surface thus

is 96 inches long and 18 inches Vide. A photograph of a machined casting

is shown in Fig. 2.3. A cross section through one of the plates and the

compartment in the aluminum casting beneath it is shown in Fig. 2.4.

Transpiration air enters through the air delivery tube from the

flow control valve. Like the smooth plate HMT Rig, a one inch delivery

tube is used for each compartment. The air jet entering the lower com-

partument is diverted by a baffle plate to avoid direct impingement on

the pre-plate. The air flow in th-.s first inlet plenum may be poorly

distributed and may have significant eddies. To protect the working

plate, the upper surface of the inlet plenum is a porous bronze pre-

plate which provides a pressure drop type damping of the maldistribution.

Air passing through the pre-plate is distributed no worse than the

variation in permeability of the conmrcially available pre-plates.

Directly above the pre-plate is tht thermocouple location for

measuring the temperature of the air delivered to the porous plates. A t
layer of honeycomb material is fastened to the bottom surface of the

porous plates. This honeycomb has hexagonal cells, 3/16 inch in diameter

and is 3/8 inch thick. The honeycomb acts as a 'flow straightener' for

the flow from the pre-plates. It also eliminates eddies or jets which

could cause both flow and temperature maldistributions. The honeycomb

not only isolates the plate from contact with eddies in the underbody

region, it significantly reduces the radiation view factor between the

back of the plate and the underbody. Essentially all that the back of

the plate can 'gee' through the honeycomb is the pre-plate directly below

it.
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Thermocouples for measuring the plate temperatures are set intoI the porous plate with their junctions located .068 inches from the ball

crests which form the rough surface. The surface and air temperature

I thermocouples are 0.010 inch diameter iron-constantan thermocouples.

The electric heater wires are stranded, 26 AWG copper wire. Ir-

I radiated polyvinyl chloride insulation for the wire was chosen for the
temperature tolerance of this material and a series of glue bond tests.

L The heater wires are glued into greoves spaced 0.43 inches apart on the
back of the porous plates with a thin bmad of Armstrong A-31 epoxy. EachIL plate is supported along its long edges by a 1/32 inch thick linen-

reinforced phenolic stand-off. These strips serve to thermally isolate

the plates from the castings and minimize heat losses. The phenolic

L ~strips are glued to the sides of adjoining plates and inserted into
slots milled into the web dividing two adjacent compartments in the

casting. Care was taken to provide an air tight seal entirely around

each compartment to prevent leakage between adjacent compartments.

Assembly of the plates into the casting is a heand operation since

adjacent plates must fit together with a minimum disturbance to the

surface roughness pattern. Small irregularities between plates were

corrected by hand-finishing and matching each group of six plates.

The first step in the assembly was to glue the hand fitted grouap of six

I ~plates together to form a continuous sheet. 18 x 24 inches. Between

each pair of plates, the phenolic stand-of fs are also glued in place.

This gluing assembly is made by clamping the plates together on a pre-

cision surface table, undor a high clamping load. The next step was

I installation of the heater wires in each of the plates. The casting

I and plates were next assembled together, again on a surface table,

clamped together. Figure 2.5 shows a photograph of the clamping arrange-I ment used for gluing the casting and plate assembly together. The final

step was the installation of the honeycomb, thermocouples, pre-platesI. and the bcjttom plates on the castings. On the top surface. balesa filler

strips were used to fill the gap between the plate edges and the top[ surfaces of the casting side rails. Figure 2.6 is a photograph of the

back of the plate assembly showing the honeycomb, thermocouples and pro-
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plates. A photograph of the top surface of the casting assembly in

place on the support structure is shown in Fig. 2.7.

Five suLface temperature thermocouples are installed in each plate.

One is in the geometric center of the plate. The remaining four are

arranged 1 1/3 inch upstream and downstrea,,' and three inches to the

right and left of the central thermocouple. Zhis array can sense t mper-

ature gradients both in the flow direction and in the transverse direc-

tion. The area enclosed by this thermocouple pattern is considered to

be the measuring area, the rest of the plate acts as a 'guard' to mini-

mize thermal and hydrodynamic edge effects.

Casting temperatures are measured by thermocouplev installed in

every other web of each casting at the test section center line. Temper-

ature control of the casting is provided by cooling watr... tubes in the
casting webs. To maintain casting temperature as close as possible to

the transpiration air temperatures, the casting cooling water is first
circulated through a copper tube heat exchanger inside the transpiration
header box. The purpose of holding the casting temperature at the tran-

spiration air temperature is to minimize heat transfer between the tran-
spiration air and the casting. Any heat exchange after the temperature
of the gas stream has been measured in the casting underbody would in-

troduce an energy balance error. Casting temperature c-introl is also

useful to evaluate conduction losses from the plates as will be discussed
in Section E of this chapter.

C. Porous Plates

When construction was began on the Roughness Rig, considerably effort
went into the problem of plate fabrication. The porous plates used in

the smooth plate WIT rig were made by sintering carefully screened bronze

particles whose average diameter was .005 inches in a stainless steel

mold, under Stanford aupervision. This was necessary because commercially

sintered plates exhibited permeability variations of 20 to 30%. The de-

cision to use 0.050 spherical particles on the Roughness Rig virtually

eliminated sintering as a possibility.
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C.1 Plate Fabrication

When construction of the Roughness Rig begam, several west coast

vendors were contacted and asked to submit samples of sintered porous

[plates for porosity testing. Only one vendor, the Commercial Filter

Corporation of Los Angeles, submitted a sample. This was constructed

using bits of a .030 inch bronze wire sintered into an 8 inch square,

1/2 inch thick plate. Tests revealed that the poresity of this sample

was highly non-uniform and it was not acceptable. At this same time.

the decision was made to fabricate the plates by assembling particles.

rather than by a bulk process, and O.F.H.C. copper balls were chosen as

ideal elements. The problem then became one of Joining the balls to-

gether. Brazing seemed most likely to succeed, providing the braze

lb material could be uniformly applied. Discussions with brazing specialists

revealed that a nickel-phosphorus brazing alloy could be deposited on the

l�copper balls. This established the technique which was used to fabricate

the porous plates used for the Roughness Rig. The plates are constructed

I from O.F.HI.C. copper balls. .050 inches in diameter. The braze material

"L was provided by plating each ball with .0005 inches of alectrolasa nickel.

The balls were then arranged by hind into rows and layers inside copper

1. molds in their most dense array anm fired in an inert atmosphere furnace

to just above the melting temperatur. of the nickel plating. This re-

I. sulted in a brazing together of the ball. pack into a uniformly porous

plate. The plating material, as it melt"d, formed small fillets between

I adjacent balls at each contact point. A close-up photograph of the sur-

face of the porous plate is shown in Fig. 2.8. The final dimensions of

f each plate ware 18.0 x 4.0 x 0.5 inches. This method of plate fabrica-

L tion, although tedious, provided a well defined surface roughness pattern

and uniformly porous plate for the transpiration experiments. A more de-

tailed description of the plate fabrication technique is given in Ap-

pendix D.

C.2 Plate Heaters

Eight heater grooves were formed in the back surface of each plate

by omitting eight of the rows of balls. The allowable heater wire spacing
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is governed by the requirement that the temperature of the top surface

of the plate remain uniform. The uniformity of tamperature across the

top plate surface is determined by the wire spacing, the thermal con-

ductivity, the plate thickness and the transpiration flow rate. An

analysis of this problem was carried out by Moffat [I] when the original

UMT Rig was designed. Using parameters from his analysis, the tempera-

ture non-uniformity in the Roughness Rig plates have been estimated to

be on the order of 0.01*F. A key parameter in this analysis is the

thermal conductivity of the porous plate. In order to estimate the

thermal conductivity of the Roughnues Rig plates. the ball pack was

thermally modeled by a series of resistances tepresenting the ball layers

and nickel connecting spots. Several brazed saupls were examined under

a microscope to estimate the size of the braze connections between ad-

jacent balls. These varied somewhat but a conservative size for the

connecting 'spot' diameter was .008 ivches. Using this a an average

spot size, the conductivity of the ball pack becomes 30 BTU/hr ft 'F.

This is the value used for the estimate of surface temperature uniformity.

It can be argued that this is a somewhat conservative estimate since

the arrangement of the balls in the pack are such that a given ball is

in contact with 6 surrounding balls on the same layer, but with only

3 balls each in the balls layers above and below. Since the conductivity

of the ball pack is controlled by the size and number of contact spots,

thu ball pack used for the Roughness Rig has a higher apparent thermal

conductive across a given ball layer than it does between ball layers.

C.3 Thermocouple Installation

Plate thermocouples were imbedded to a depth that located their

junctions at the center of the ball layer below the surface ball layer.

Several braze samples were drilled for thermocouple holes and then

sectioned to examine the condition of the ball pack around the ho'e.

The brazing process apparently removes all the temper from thca OHLFC

copper balls and they become very soft. It proved difficult to drill

the ball pack and the technicians had to carefully prepare the drill

bit used for this operation to achieve clean holes. The soft copper
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actually wiped itrslf at the hole surface. The holes appeared to be

through solid material when examined Lu cross section. Upon closer

examiuation, it appeared am if the interstitial regions between ball

[ layers were covered with a very thin layer of copper at the hole surface

so the hole appeared to have a solid wall. Further, by drilling the

holes on a milling machine, it was possible to locate the bottom of the

hole at a ball center in the ball layer below the surface. In this

location, the thermocouple junction was so68 inches below the top of

the surtace layer of balls. Because of the high conductivity of the

ball pack. the temperatures recorded by these thermocouples were taken

to be the plate surface temperatures. The thermocouples were installed

by partially tilling the holes with epoxy using a hypodermic needle,

L then inaerting the thermocouple into the hole until it was !elt to bot-

tom out. 11Tis resulted in a small collar of epoxy squeezing up around

I the thermo.ouple at the plate back surface. Every installation was

examitid from the front surface and there were no cases where bleeding

through of the epoxy around tha thermocouple holes could be detected.

C.4 Plate Permeability

Uniformity ot plate permeability is an important requirement for

any transpired boundary layer experiment. Non-uniformities can result

in variations in both surface temperature as well as local transpiration

rate. Permeability measurements on the plates used in the smooth plate

f aUT rig were made before their installation. An instrument was developed

which sealed off both faces of the plate except for a 3/4 inch diameter

spot. and then forced a metered flow of air through that spot. The

pressure drop across the plate provide the measure of the resistance

to flow through the test area. With this device, porosity maps were

constructed by making measurements on one inch centers over the surface

of each p-ate.

I Porosity variation measurements on the Roughness Rig plates were

made after the plates were in place in the sub-assembly castings, with

I thermocouples and heater wires installed, using the actual rig transpira-

tion air supply system. After assembly of each casting was complete, it
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wan installed on the rig support structure, with the transpiration air

supply connected and test section sidewalls but not the test section top

i n place. A constant current hot-wire anemometer was supported on a

traversing mechaniona mounted on the sidewalls. It was adjusted to a

height of about 1/8 inch above the plate surface. Output from the

anemometer was run directly into an X-Y plotter. A resistance bridge

built into the traversing mechanism drove the plotter such that the pen

movement across the graph corresponding approximately to probe movement

over the plate. Thio set-up was used to map the surface velocity of

the air delivered through each plate.

Initial results from these tests yielded velocity traces which

appeared very lumpy at high blowing rates. The non-unifcrmity in velocity

was several percent and the spanwise period of the velocity disturbances

appeared to be several ball diameters. A literature survey into the

subject of flow through porous media uncovered several interesting papers
which seem to explain the phenomena that had been observed. Two of

particular interest are by Bradehaw [44] and Morgan [45], both of whom

studied the flow through screens. Both of these studies showed the

existence of a critical velocity in the flow through the porous material.

Above this velocity, the flow emerges from the porous media as a pattern

of jets. These jets coalesce into random groups because they can only
entrain fluid from each other. The velocity field investigated by

Morgan was behind a two dimensional grid. It showed the same onset of

a lumpy structure with a period that was two or three times the grid

spacing. To confirm that the "lumpy" surface velocity measurements

were the result of the coalescence of the jets leaving the plate surface,

the tests were repeated over a wide range of surface velocities. Re-

sults from these traces are shown in Fig. 2.9. Here the surface velocity

traverses have been superimposed in a single graph. The top graph shows

the results obtained by starting at a high surface velocity and reducing

it. The top curve is for a surface velocity of 0.39 ft/sec. It shows

the lumpy appearance which was observQ1 over all the plates. The mag-

nitude of the non-uniformities is reduced as the surface velocity is

reduced but they are still clearly present at 0.21 ft/sec. The velocity
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is much smoother at 0.18 ft/sec and at lower surface velocities. ThisL indicates there is a critical velocity at or near 0.18 ft/sec. The
lower graph in the figur: shows results obtained when the surface

velocities are increased beginning from a low value. Here smooth traces

are obtained up to 0.24 ft/sec. Above this, the lumpy traces reappear

""Ld persist to higher velocities. Apparently the onset of the flow

instabilities have a hysteresis-like response to velocity changes. The

jets continue to coalesce to much lower surface velocities as the surface

1. velocity is reduced than the surface velocity at which coalescence be-

gins when the surface velocity is being increased.L As a final s-ep to confirm the mechanism, these same tests were

repeated over the porous plates in the existing HMT rig. Again the

flow showed the same l--py structure, but the velocity traces appeared
much finer grained than had bcen observed over the rough surface. This

was expected 6luce the jet pattern over the smooth surface porous plates

should be much finer to start with. It was also noted that the onset
, of flow instabilities occur at surface velocities above the normal

operating range of the rig.

The next step was to investigate the possible effects of this jet-

ting action on the heat transfer experiments. It was feared that the

jetting action might artificially enhance boundary layer heat transfer.

To evaluate this possible effect, a series of eight Stanton number runs

with blowing were made at a test sectioa velocity of 90 ft/sec. At this

velocity, it was possible to run several blowing fractions above and

below the critical surface velocity observed in the permeability mapping.

If there was an etfect on heat transfer due to the onset of a surface

Jetting, it should clearly be seen in the heat transfer data. The data

was taken and reduced without corrections for radiation or conduction

losses. Although it showed some scatter, it clearly indicated that

there was no abrupt change in the surface heat transfer. Apparently,

the presence of the boundary flow on the porous surface stabilized the
transpiration flow and there was no onset of instability or any similar

effect that can be seen iii the heat transfer data.

The porosity maps for the plates were completed but the flow

striations could be eliminated only by reducing the transpiration
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velocity to low values. At these low levels. the width of the recorded

line was equal to about 5% of the velocity signal. This prevented the

careful resolution of non-uniformities that had been hoped for. With

that reservation, the plate porosity appeared entirely uniform: the

recorded traces contained no discernible evidence of non-uniformities.

D. Rig Instrumentation

D.1 Temperature Instrumentation

All temperature measurements on the Roughness Rig are made using

iron-constantan (ISA type J) thermocouples. Many precautions have been

taken to reduce the spurious EMF'ai frequently encountered in thermocouple

circuits. The thermocouples are all brought together at a common test

console zone box where they are connected to rotary thermocouple switches

for read-out. A diagram of the thermocouple circuit is shown in Fig.

2.10. The thermocouples were made sufficiently long so that the thermo-

couple wire itself co~uld be used for the test console lead wires. To

avoid introducing sharp temperature gradients in any of the thermocouples.

all plate, transpiration air, and casting thermocouples were thermally

guarded with Polyflo tubing. The test console zone box is constructed

from 1/2 inch plywood, lined inside with 1/16 inch aluminum plate and

insulated outside with aluminum foil backed, rock wool insulation. All

entry ports are gasketed and all busing of wire connections within the

zone box is done with thermocouple wire. These precautions were taken

to reduce temperature stratification within the zone box and to minimize

its effect. Thermocouples are mounted at opposite ends of the zone box

to provide a direct measurement of the zone box temperaiture gradient.

In its present configuration, temperature gradients greater than 1/10*F

have never been observed. The entire thermocouple circuit uses a single

ice-bath reference junction which is also thermally guarded in Polyflo

tubing to stretch its thermal gradients. Thermocouple output is measured

with a Hewlett-Packard Integrating Digital Voltmeter, Model 2401C.

The most difficult temperature measurement problem in this system

is the plate surface temperature. These thermocouples are glued into

26



close-f it-cing holes in the bottom of the plate. The wire extending

L from the bottom surface is exposed to the transpiration air which is
at a different temperature than the plate. This tends to introduce

I an error in the measurement of the plate temperature. To estimate this

error on the smooth plate HflT Rig, Moffat [1] developed a thermal model

of the thermocouple treating it like a cylindrical fin, partly exposed to

the plate and partly exposed t.o the transpiration air. The problem is

complicated by the fact that the thermocouple may not bo perfectly
bonded in the hole. This problem is modeled by introducing a 'bond
factor' between the plate and thermocouple. Because of the small thermo-

f couple wire diameter and relatively deep immersion into the plate,

bonding factors can be taken as low as 0.5 and still have conduction

errors less than 0.1*F for a 20*F temperature difference across the

plate. Subsequent qualification tests on the plate indicated that the

thermocouple error due to imperfect bonding and to other sources are

acceptably small. These tests are discussed in Section E of this

chapter.

1. None of the temperature measuring locations on the Roughness Rig

are so restrictive in space that conduction error becomes a problem.

I ~Ample inmmersion depth is available everywhere.
As noted earlier, each plate contains five thermocouples arranged

L in a cross pattern. In the testu performed here, these thermocouples

were wired in parallel in the instrument console zone box so that an

average of their collective readings were taken. Care was taken to

size all the thermocouple lengths the same for each casting so if they
were gan~ged together, they would give a true average reading.

D.2 Presfnure

Pressures were measured on a variety of manometers and transducers.

A 3 inch inclined Merriam Manometer was used to measure tunnel static

pressures and to set the top for zero pressure gradient conditions.

This same manome'ter was used to record mainstream total pressure when

test section velocities were below 100 ft/uec. At higher mainstream

velocities, total pressures were read out with a transducer. Two
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Statham unbonded strain gauge differential pressure transducers were

used for velocity profile measurements; a PM5 (pressure range 0 to 0.5

psi) and a PM97 (pressure range 0 to 0.05 psi). Both units were equipped
with zeroing bridges and individually calibrated in the Thermosciences

Measurements Center against a precision 30" Merriam Micromanometer. The

H-P 2401 IDVM equipped with an external quartz crystal oscillator clock

was used to read the pressure transducers.

D.3 Flow Rate

Transpiration flow rates for '.ach of the porous plates are measured
using hot-wire type flow meters which are discussed in Appendix B. The

flow signal from these meters is from a differential thermocouple which

is read out with the H-P 2401 IDVM using the external clock to extend

signal integration time. Before each flow meter reading is taken, the
flow meter heater circuit current is checked to insure it is set exactly

at the calibration value. This is done by reading the voltage drop
across a precision Weston 1 amp shunt, again with the IDVM.

In addition to the flow meter signal, transpiration air temperature

for each supply line is measured so the appropriate temperature cor-

rections can be made.

D.4 Electric Power Measurement

One advantage of the D.C. power supply system used in the Roughness
Rig is that power measurements are relatively simple. The heater voltage

is measured directly with leads which are attached to the heater wi-es
just as they leave the castings. The heater ground connection is made

through individual shunts which are mounted beneath the bus bar box.
Measurement leads from the shunt and heater are taken in shielded pairs

to the same instrument console where the thermocouples are read, but

are connected in a separate 'zoned' selector switch station for read

out. The heater and shunt voltage are read separately, using the IDVM,

and plate power calculations are made in the data reduction p:ogram

using the individual shunt resistances obtained from an in-place calibra-

tion of each shunt. The plate heater power supply voltages have been
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carefully scoped to insure that a constant voltage level is appliedI to each plate over the entire power range. This insures that the

selective sampling of the IDVM will yield a truly representative average

L measurement for the voltage across the heater and shunt.

D.5 Mainstream ConditionsL For all runs. mainstream temperature and total-to-static pressure

were measured. In addition, mean velocity profiles were taken at sey-

ILeral positions along the test section length. Mainstream temperature
was measured through the circuitry already described with a probe con-[ structed using .004 inch iron-conatantan thermocouple wire. This probe

is a fixed position version of the traversing probe described by Kxarney[ [6]. The mainstream total pressures were measured with a Kiel-type
probe~ located in the center of the potential flow region and the static

I pressures were taken from the adjacent wall tap. All static wall taps

L were .040 diameter at the wall rlane with 0.125 inch diameter tubing

connections outside the test section.

I Mean velocity profiles were taken using a small diameter boundary
layer probe mounrted in a micrometer driven traversing probe holder.L The probe holder is supported from an instrument *led which is aligned

with the instrument ports in the test section~ top using locating pins[ and is attached with hold down bolts to the side walls. A photograph

of the probe itself is shown in Fig. 2.11. The probe stem is made
I from 1/8 inch diameter brass tubing. Into the brass stom is soldered
I ~a . 030 inch stainless steel hypodermic needle which has been bent into

a C-shape. The probe mouth has been flattened down to a thickness of

1. .022 inches.
in use, the probe was lowered until it was in visible contact with[ the rough surface. This could be confirmed with a resistance reading

from a VOM attached to the probe and to a thermocouple in the plate[ the probe was centered over. As the probe was traversed away from the

surface, the circuit was broken when the probe lifted from the surface.[ This method was ur-td to locate the first reading With respect to the

crest of the surface balls. The traversing probe was checked at least
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once during each run by comparing it with a Kiel probe to insure it

was not clogged with dirt particles which would result in erroneous
readings. Care was also taken to align the probe before every set of

readings to avoid error introduced by probe yaw.

E. Rig Qualification Tests

The Roughness Rig was tested in detail for reliability before being

approved for use. There were tiiree types of qualification tests per-

formed: tests of the mainstream condition, instrument system qualifi-

cation tests and energy balance tests Lo determine validity of the data

reduction program.

E.1 Mainstream Conditions

Extensive uniformity and stability tests were conducted on the test
section inlet flow by H. Crawford, another member of the HMT group. The
purpose of these tests was to measure mainstream uniformity and local
free stream turbulence intensity. The importance of a uniform free
stream inlet condition is to insure a two-dimensionsl flow in the test
settion. Boundary layer skin friction and enthalpy thickness are inferred
from momentum thickness and Stanton Number measurements and the integral

momentum and energy equations. A two-dimensional boundary layer is
necessary if these techniques are to be used in reducing the experimental

data.

To test mainstream uniformity, velocity profiles across the test
section inlet were taken using a differential Kiel probe technique.
The differential traversing employs two identical probes connected to
a differential measuring instrument. This technique allows separation
of apace-wise and time-wise variation in flow, to a first order at least.
If the velocity field can be represented as a product of two functions;

one varying slightly in space, the other varying in time, then differen-
tial traversiug (using probes of the same time constant) will display
only space-wise variations on the flow field. Two test section velocities
were examined; the lowest velocity, 32 ft/sec and maximum test section
velocity, 242 ft/sec. Measurements were taken at 135 positions in the
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test section inlet plane at each of the two velocities. The study

showed velocity defects no greater +0.16% at the low test section

velocity and +0.10% at the higher test section velocity.

Free stream turbulence intensity measurement was also made with a

DISA 55D05 constant temperature anemometer read through a DISA 55D15

[ linearizer. The velocity fluctuations about the mean velocity were

measured on a Thermosystems RMS voltmeter, Model 1060. Measurements

were made at the same two test section velocities and at a total of 120

"positions in the test section inlet plane. These results showed a

very uniform turbulence intensity over the entire inlet plane with an

1. intensity level of about 0.4' at both test section velocities. This

was higher than expected but still below levels measured in the existing

SHMT Rig. The design objective for the screen pack was a free stream

turbulence intensity level of 0.1% to 0.2%. This higher than expected

level does not limit the rig's performance.

An additional check on the two-dimenslonality of the test section

j boundary layer was made by measuring its uniformity in the lateral
1.direction at the end of the test section. Lateral holes are provided

for this purpose in the test section top over plate 13. Velocity pro-

files were taken at the test section center and at two positions on
either side of the center for a tunnel velocity at 90 ft/sec. Momentum

j thicknessua trom LlieSe profiles are plotted in Fig. 2.12, the variation

can be seen to be no more than +3%.

E.2 Instrument System Qualification Tests

I To qualify the plate temperature measuring system a schema was

used that had been developed for use on the smooth plate 124T Rig.

Rather than calibrate the individual thermocouples. they were calibrated

in place for each plate. This was accomplished using a plenum box which
could be placed over each test plate in such a way as to collect all

the air passing through the center 6-inch span. The plenum box was

surrounded by four similar guard chambers and was equipped with a

I guard heater system so that the walls of the box could be maintained
at the same temperature as the air. The entire unit was lined with
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aluminized Mylar and insulated with 1/2 inch felt. A mixing section

was installed in the plenum box so that the air entering from the test

plate would be mixed thoroughly before its temperature was measured with

two independent thermocouples. The guard chamber surrounding the plenum

box was equipped with adjustable area vent holes so all chambers had

the same static pressure to prevent cross f lows. The bottom surfaces

of the box. where it contacts the plates are covered with closed cell

foam rubber to further prevent cross flow between chambers. In opera-

tion, the guard heater system power is adjusted until thermocouples in

the box walls indicate that the box in at the same temperature as the

mean mixed air temperatureas measured by the mixing chamber thermo-

couples. This temperature is then compared to the average of the five

thermocouples in the plate beneath the plenuam box. These tests were

conducted over a range of blowing rates from 5 to 20 CFM and over a

range of air temperature differences from zero (no plate power) to 20*F.

Over this wide range of temperature and flow conditions none of the

plate average thermocouple readings differed from the mixing chamber

thermocouple readings by more than O.2*F (6 microvolts). From these

tests it was concluded that the plate temperature measurements as re-

corded by the five plate thermocouples was satisfactory and errors due

to imperfect bonding of tha thermocouples and other sources are accept-

ably small.

While these tests were in progress, thermocouple traverses were

made under the plates, just below the honeycomb using a special probe

installed through fittings in the side of the castings in the center

of each plate. Theae traverses uliowed a nearly uniform temperature

distribution beneath the plate. Typically these profiles showed higher

readings at the plate center by 2 or 3 microvolts than at 3 inches to

either side of center.

A final series of tests were performed using the transpirationi air

system with tne top removed, but without plate power. These tests were

run with both hot and cold transpiration air, by either by-passing or

using maximum cooling in the transpiration air heat exchanger. In

addition, either maximum or no casting cooling water was used. The
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purpose of these teats was to provide a maximum amount of thermal dis-

tortion, without plate power, to insure that the temperature measuring

system could properly record these unusual (..aditions. Operating in

this mode, the plate thermocouples can be used to check the single,

centrally located air thermocouple located just below the plate. With-
II out plate power, the five plate thermocouples read the average tempera-L

ture of the transpiration air. In cases where there is a temperature

mismatch between the casting and transpiration air, the air thermocouple

1 is subject to error. It was discovered that the casting temperature had

a much more dominant effect on tae transpiration air temperature than

had been thought. When the casting inlet air was colder than the casting,

the five plate thermocouples indicated a higher reading than the single

Lair thermocouple behind the plate. The opposite was true when air enter-
ing the casting was hotter than the casting. Apparently the air next

I to the casting is heated or cooled by the casting and enters the plates

with a temperature gradient. This gradient was not observed in the

traverses taken beneath the plates since these were taken in the longi-

tudinal direction. The measurement error due to the inlet temperature

gradient is related to the mismatch between the casting temperature and

I. the temperature of the transpiration air as it enters the casting.

The temperature of the transpiration air is measured at the header

1 box. just upstream of the flow maters to provide the temperature cor-

rections for the flow meter readings but not at the inlet to the casting.

To estimate the air tempirature at the casting inlet, the transpiration

system was modeled as a heat exchanger between the air and the laboratory.

Thermocouples were installed at the casting inlet of four plates to check

-. this model and good agreement was obtained. Using the casting inlet

temperatures estimated with this model, a correction term was formulated

for the air thermocouples. The error was assumed to vary linearly with
the inlet air-to-casting temperature difference. This correction, while

relatively small aided in closure of system energy balance.

E.3 Energy Balance Tests

Energy balance tests were conducted to establish the validity of
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the experimental system. The system includes not only the Roughness Rig
and its measuring system but the procedure used to reduce data from the

rig. Experimental Stanton numbers are obtained by taking plate power,

subtracting off the losses and the energy carried away by the transpira-

tion air, and dividing by the plate-to-free stream temperature difference.

In equation form this is given by:

(plate power) - ýi"c (T -T )-(losses)

A key part of the data reduction program is the modeling used to

evaluate energy losses. Depending on blowing fractions and plate temper-

atures, these losses represent from 1% to 10% of the total power supplied.

The loss machanisms modeled are: radiation from the top and bottom sur-

faces of the plates, conduction between the plates and the casting through

the phenolic support webs and conduction through the stagnant air beneath

the plates when Lhere is no transpiration. The purpose of the energy

balance tests wos to evaluate the modeling used for energy losses.

Two kinds of energy balance tests were conducted on the Roughness

Rig, Each of these tests provided a direct measure of the ability of the

rig's measuring system to produce zero values of measured heat transfer

when test conditions were such that there was zero heat transfer.

In the first energy balance mode, the wind tunnel was operated with-

out transpiration and without main stream cooling. In this mode, the

free stream temperature equilibrated near 100*F. Plate power wus adjusted

to match the plate temperature to the free-stream temperature. In this

operating condition, the plate power exactly equaled plate losses. These

losses were due to radiation from the back of the plate and conduction

to the casting and to the air beneath the plate. These tests were run

with no casting cooling, to minimize conduction losses, and then again

with maximum casting cooling to magnify conduction losses. Since the

plate and free-stream temperatures were the same, there was no heat

transfer between the plate and the free-stream. The difference between

measured plate power and calculated losses for the observed conditions

represent a potential Stanton number error. Data taken from this energy
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balance run were reduced with the data reduction program and the net

Stanton number error was evaluated using the energy balance difference

and a typical plate-to-free stream temperature difference:

St -,(plate power) - (calculated losses) (2-2)
G c(T W-Tw) typ

The typical temperature difference used was 25"F which is represen-

tative of toe Roughness Rig test conditions. Figure 2.13 shows a plot
of Stanton number error versus distance along the test section. There

was some difficulty in closing the energy balance in the first few plates.

attributed to an inlet thermal boundary layer. With the tunnel f-rating

hotter than ambient, a thin thermal boundary layer of cool air next to

the duct walls was unavoidable. Since the plate and free-stream temper-

atures were equal. the first few plates removed the inlet thermal boundary

layer and acted as guard heaters for the rest of the test section.

In the second energy balance mode. the tunnel was operated with

transpiration flow only and with the test section top removed so that the

transpiration flow moved directly upwards. In this operating condition,

there was, again, no surface heat transfer. All the plate power was

U taken up either in losses or by the transpiration flow. These blowing

energy balances were conducted over a wide range of transpiration rates

and air-to-plate temperature differences, again to demonstrate the ade-

quacy of the data reduction program to predict the losses and achieve

euergy balance closure at all operating conditions. For this case the

potential Stanton number error was given by:

(plate power) - !"c (T w-Tt) - (calculated losses)
Ast Gt- ( w -T-)t p (2-3)

Blowing energy balance runs were made at 2, 8, 15 and 22 CFM which

covers the range over which the Roughness Rig experiments were conducted.

As before, the typical temperature difference, (TW-T.o)typ . was taken

at 25*F. The typical mass flow, Gtyp was chosen so that the combination

of it with the transpiration rate would give a blowing fraction of .008,
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the maximum tested. This was done for all but the lowest transpiration

rate. The value of Gtyp used for both 2 CFM and 8 CFM corresponded toty
the minimum test section velocity. A plot of the Stanton number error

from these tests versus distance along the test section is shown in Fig.

2.13. As can be noted, the Stanton number error was, in almost every

case, within +.0001 Stanton number units. In those few cases where the

error exceads this value, subsequent energy balance tests did close to

within +.O001 level. This has lea us to believe that the Stanton number

data are reliable to within +.0001 Stanton number units over the range

of conditions teasted.

E.4 Verification of the Data from Plate 24

Despite the excellent closure that was obtained in the energy bal-

ance tests, an anomaly was noticed in the heat transfer data from plate

24. At conditions of high blowing and high test section velocity, plate

24 exhibited a mucu lower Stanton aumber than its neighbor, plate 23.

This behavior was entirely repeatable and in fact was visible in earlier

data taken when the rig war first being shaken down, but was not as ap-

parent then. After carefully confirming the flow meter calibration and

the temperature measuring system it was concluded that the reduced Stanton

number was real and not the result of trouble in the measuring system.

A review of the possible sources of this problem led to the conclusion

that it was related to the diffuser, directly downstream of plate 24.

It seemed likely that at high blowing rates, when there was injection of

low mouetum fluid into the boundary layer, the exit diffuser experienced

stall. This stall probably began right at the diffuser iulet but may

have propagatad upstream to plate 24 its'alf. The presence of the 'stall

bubble' could disturb the flow in the region near plate 24 enough to re-

dues the plate heat transfer. The exit diffuser was designed to operate

without stall, however it is known that the inlet velocity profile has

an important effect on diffuser performance. A thickened boundary layer

due to blowing could result in stall that would otherwise uot have been

there. To confirm this possibility a temporary extension of the test

section surface was installed in the first stage of the diffuser. This
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extension produced a step in the flow path at the inlet to the second

I stage of the diffuser and reduced the overall performance of the diffuser.

but did remove the influence of the diffuser from plate 24. The tunnel

was then run at 240 ft/sec wiith a blowing fraction of .002, without the

*Lep. After reaching equilibrium. data were recorded and then the dif-

f user invert was installed and the ran repeated. The insert reduced dif-

fuser performance so that the test section velocity only reached 226 ft/

sec. Since the flow meter settings were unchanged, a slightly higher

blowing fraction resulted. This reduced the Stanton number slightly be-

low the previous data, but. the plate 24 Stanton number was significantly

increased. It was still slightly low (.0001 Stanton number units) but

much improved over tlha Stanton number without the insert. Figure 2.14

shows the Stanton number data from these two tests.

Because of this difficulty, the plate 24 data has not been shot'n

for data runs at high velocity and blowing fraction but is listed with

the tabulation of experimental results in Appendix E, for completeness.

F. Data Reduction Program

In reducing data taken from the Roughness Rig experiments, three

I separate data reduction programs were uued. two for the hydrodynamic data
and one for the heat transfer data.

The first data reduction program was used for the boundary layer

mean velocity profiles and converted the pitot tube pressure readings to

velocity. It then executed a simple trapezoidal rule numerical integra-

tion to get momentum and displacement thicknesses and finally shape factor.

The second data reduction program used a least square curve fit to the

momentum thickness data for the entire plate length to determine the
skin friction. using the integral momentum equation f or the two-dimensional

bouna~ry layer. it was assumed that over the relatively small momentum

thickness range of a single run, the momentum thickness varied as a simple

power law with distance along the test section. The equation which was
curve fit was:

0 a(x-x 0)b (2-4)
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where x. is the boundary layer virtual origin and a ,b ar~d x are

determined by the curve fit. The procedure used was that of 'weighted

residuals' as described in Chapter 18 of Scarborough [46]. Since no trip

was used in the Roughness Rig experiments both laminar and turbulent re-

gions existed inside the test section. Only momentum thickness measure-

ments taken in the fully turbulent boundary layer were used in the fit.

The Stanton number data was then examined to ensure that each of the vel-

ocity profiles used had been in the fully turbulent boundary layer. To

qualify this procedure for predicting skin friction, the momentum thick-

usess measurements taken by Andersen [8] and by Simpson [2] were used as

a trial data set. The skin friction data reported by Simpson were based

on his 'best estimate' using several evaluation methods. Skin friction

predictions by Andersen were made us~ng turbulent shear measurements taken

in the boundary layer, then extrapolated to the wall. Figure 2.15 com-

pares skin friction predictions made by the present curve fitting method

to the values originally reported. For both data sets the curve fitting

method yields a reasonal-ij good check of the skin friction valuea that

Simpson and Andersen found by independent means. Since both of these data
reduction programs are straightforward applicaticna of well known princi-

pals, listings of the programs are not given.

The data reduction program for the heat transfer data is more com-

plicated since it must convert data from the Roughness Rig Into Stanton

numbers. A flow diagram for the data reduction program is shown in F~ig.

2.16 and a Fortran listing is given in Appendix F. The program has

several features. It containu the individual calibrations for each flow

meter and performw -L logarithmic interpolation to obtain the flow from

each flow meter red. ing, based on the calibration data points. Thermo-

couple readings are converted into temperatures by interpolating in tables

taken from National Bureau otf Standards Circular #/561. Plate voltage and

shunt voltages are converted into power using calibrated resistance values

for each shunt and correcting for excess heat release due to the turn-

around wrappings of the heater -4ires at the plate ends. It also estimates

conduction and radiation losses from each plate based on plate, casting

and other rig temperatures. The program also converts manometer readings
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to pressure levels and the free-stream thermocouple reading into the free-L stream total temperature using a 0.36 recovery factor for the thermocouple

probe. The program hais tw~d output options: the summary output shown in

I ~Appenidix E and a more detailed output with additional diagnostic informa-

tion.

G. Experimental Uncertainties

To investigate the possible effects of measurement uncertainty on the

experimental Stanton number. the following procedure was used. The data

reduction program was used to calculate the derivative of each experimental

"'ariable with respect to the Stanton number. This was done by sequentially

varying each va-riable by the amount of its uncertainty as input to the

data reduction program and calculating the change in Stanton number which

resulted. Assuming tha.t these uncertainties are all independent they can

be combined by the procedure of Kline and McClintock [47].

The results of this uncertainty analysis is shown in Fig. 2.17 for

all, test section velocities, over the range of blowing in these experi-

ments. As~ can be seen, the lowest test section velocity, at high blowing

is the most affected by the propagation of uncertainties in these experi-

ments. The following b,ýeic uncertainty intervals were assumed for the

i p t v l e :Plate Voltage 1 millivolt

Shunt Voltage 10 microvolts

All Temperatures 10 microvolts

Stagnation Pressure .002 inches of water

Flow Meter Readings 25 microvolts

It can be concludad from this study that except at high blowing the

uncertainty in Stanton numbers due to random errors is less than the +.O000

Stanton number units cited earlier based on the energy balance tests.

Anothý area of experimental uncertainty associated with these ex-

periments is associated with the velocity profile measurements. A problem

which is coummon to all rough surface boundary layers is the location of

the origin of the velocity profile. Profile measurements begin with the

probe rest~ng on top of the rough surface. The location of this data
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point with respect to the surface is known, but examination of the pro-

file data indicates that the origin of the profile is somewhere below

the ball crests. Several authors have discussed systematic procedures

for determining 'origin error'. What has been done in the present work

is to examine e.ach profile on an individual basis and extrapolate

what appears to be a reasonable choi.ce for its velocity origin. Generally

this turned out to be .010 inches below the ball crests. The bounds on

this number would be from zero (the profile origin at the ball crests)

to a maximum of .025 inches, the profile origin at half of the ball
diameter. With these bounds, it seems unlikely that the experimiental un-

certainty of the profile origin could exceed +.010 inches. To investi-

gate the sensitivity of the integral boundary layer parameters to an un-

certainty in the profile origin of +.010 inches, the velocity profile

data reduction program was used. A portion of the profile data was re-

duced again with a .010 inch shift in the profile origin. It was not

surprising to find that the displacement thickness was very sensitive to

the shift while the momentu.m thickness was not sensitive. There was no

detectable effect of test section velocity: this is not surprisiug since

the boundary layers were all very similar at all test section velocities.

A more important parameter was the thickness of the boundary layer. Near

the front of the test section where the probe could nct penetrate as

deeply into the thin boundary layer, an origin error of .010 inches pro-

ducted errors on the order of 10% in the boundary layer displacement

thickness and 1% in the m~omentum thickness. At the end of the test sec-

tion. where the boundary layer was thicker, the uncertainty in profile

origin produced errors of 7% to 8% in displacement thickness and again,

1% in momentum *hickness. From these results, we have concluded that the

experimental uncertainty in the profile virtual origin resulLs in un-

certainties on the order of 10% ini thie boundary layer displacement thick-

ness and 1% in the momentum thickness.

Some additional work has been done to translate the momentum thick-

ness uncertainty into unce.-tainty in the skin friction prediction. This

can be done by varying the inputs to the program which uses a fit to the

*'-wentum thickness data to predict skin friction. The result& from
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study have been inconclusive. The effect of the momentum thickness un-

certainty depends on how many other points used by the curve fit remain

unchanged and even on which point is perturbed. Another very important

pazameter is the blowing fraction, since it is subtracted from the mo-

mentum thickness before the skin friction fit is made. A general result

which was obtained is that a 1% variation in momentum thickness, for the

non-blown boundary layer could produce a varation of 8% to 10% in skin

friction in a boundary layer with 5 or more velocity profiles as basis
for its least square fit. In many cases, the variation was less and in

cases with high blowing the variation was greater. Because of the many

difficulties inherent in taking the derivative of experimental data

points, it is felL that no further claims about the accuracy of the skin

friction data generated by fitting the momentum thickness measurements

was justified. Experimental work now in progress on the Roughness Rig

should produce much better skin friction data, with much less expetimut-al

uncertainty.
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CHAPTER III

L EXPERIMENTAL RESULTS

Measurements taken in these experiments can be divided into two
types -- Stanton number data and mean-velocity profile data which were

used to infer bouidary layer momentum thickness and skin friction.

The range of conditions for the Roughness Rig tests can be suma-

rized as in Table 3-1. The data taken can be organized into the follow-

ing blocks: fully developed turbulent boundary layer skin friction and

Stanton number without blowing, the effects of blowing on rough surface

Stanton number and friction factor, and rough surface transition with

and without blowing. The presentation of the data will be organized in

the same manner.

A, Rough Surface Boundary Layer Data without Blowing

Rough surface boundary layer friction factors and Stanton numbers

are plotted against x-Reynoldo number in Fig. 3.1 for each of the five

tept-section velocities used. It is apparent that there is a roughness

effect and that, in these coordinates, the friction factor and the Stan-

ton number increase with test section velocity. This is an important

difference from smooth plate data, which do not show a velocity effect

in these coordinates. Smooth plate data for air in this range of x-

Reynolds number would correlate, for all test-section velocities, with

equations of the form:

Smooth c/2 - .0295 Re-0"2 (3-1)

Smooth St - .0295 Pr-0"4 Re-0 .034 Re-0.2 (3-2)x x

For comparison, these two correlations are shown in Fig. 3.1. Only the

32 fps data seem to be approaching the smooth plate correlations.

With transition occurring at different locations for each velocity,

it might be argued that the failure to correlate is due to different

locations of the bouiLdary layer 'virtual origin'. To avoid this problem,
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boundary layer data are frequently presented in local coordinates.I.. Fig. 3.2 shows friction factor and Stanton number as functions of local

momentum thickness Reynolds number and enthalpy thickness Reynolds num-L ber, respectively. In theme coordinates, too, the effect of the rough

surface has been to separate the data taken at different test section

I velocities. Also shown are typical correlations for a smooth plate in
local coordinates:

-25Smooth Cf/2 - .0128 Re-*(33

Smooth St - .0128 Pr -05 Re-0.25 015 Re-, 25 (3-4)

It is apparent that boundary layer thickness Reynolds number is not
j a sufficient descriptor for the rough surface data. At any boundary

layer thickness Reynolds number,* higher velocities yield higher values of

friction factor and Stanton number. While the data at 32 fps lie close

L to the smooth correlations, at the highest test section velocity the

friction factor is nearly twice the expected smooth plate value. At that

I velocity the Stanton number is up by about one and one-half timas. This
behavior is similar to that reported by Nunner [23] for rough pipes. His

results, given by Eqn. (1-1). show the increase in heat transfer due to

roughness approximately equal to the square root of the increase in skin

friction.

The present data are clearly affected by the surface roughness. As

already noted in Chapter 1. the roughness Reynolds number, Re~c - u ,k,/IP

I is often used to categorize the behavior of rough surfaer.". Values less

than 5 to 10 define 'smooth' behavior, while between 10 and 70 the sur-I face is described as 'transitionally rough', and above 70 it is referred

to as 'fully rough'. The roughness Reynolds number range for these tusts

[ is shown in Table 3-1. The 32 fps data lie between 24 and 29, in the
'transitionally rough' range, while all other velocities have 'fully

Irough' roughness Reynolds numbers. For these calculations, k as the

equivalent sand-grain roughness was taken as 0.625 times the ball diam-

eter, yielding an equivalent sand grain roughness of .031 inches. This

multiplier is the value recoimmnded by Schlichting [51] for densely
packed spheres.
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The effects of roughness are also evident in the rough surface

velocity profiles. Fig. 3.3 shows velocity profiles from these experi-

ments at different test section velocities. In Fig. 3.4, velocity

profiles are shown for one velocity and unveral different stations along

the test section, along with a typical velocl.cy prý.rfile for a smooth

surface. The rough surface velocity profiles show the characteristic

offset or depression when plotted in wall coordinates. The amount of

the depression, Au+. can be used to determine the equivalent sand

grain roughness of the surface, as described by Schlichting. Applying

this method to the non-blown velocity profiles from these experiments,

the ratio of the equivalent sand grain roughners to the ball diameter is

found to be very nearly the same for all the velocity profiles lying

between 0.60 and 0.63. This confirms the value recommended by Schlicht-

ing for a similar surface, but tested in duct flow instead of boundary

layer type flow.

One difficulty in interpreting rough surface velocity profiles

arises in determining the profile origin. Typically, the apparent sur-

face of the rough plate lies below the tops of the roughness elements.

Different investigators have handled this problem in different ways.

Tsuji and lida [19] measured velocity profiles from the crests of the

roughness elements. Others, such as Moore (121, Perry [14,15] and Liu

[161, place the profile origin below the crests of the roughness ele-

ments. Perry has argued that the distance below the rough element

crests should be adjusted until the velocity profile plotted in semi-log

coordinates exhibits the familiar 'log' region. This approach estab-

lishes both the all shear and the 'logarithmic asymptote', which is the

distance below the roughness element crests to the profile origin. All

of the methods which have been suggested require some judgment by Lhe

individual examining the data. In the present work, still another method

was used: origins for the velocity profiles taken in these experiments

were determined by extrapolating the data to zero in cartesian coordi-

nates, by eye. Typically, the origins for the turbulent velocity pro-

files fell about .010 inches below the crests of the balls. Laminar and

transitional profiles were depressed less. Using the origins determined
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in this manner, the profiles were integrated to obtain momentum thick-

. nLesses which were then used to evaluate skin friction. This approach

provieu a convenient basis for determining origins for all the profiles

1 and yield results similar to what would have been obtained using Perry's

method for the fully turbulent profilea.

One interesting result obtained from the velocity profile data is

that the apparent roughness of the plate seems independent of both dis-

tance along tho plate (boundary layer thickness) and of free-stream

velocity (viscosity effects). Thuc the roughness effects seem to scale

on roughness particle size, not on 'relative particle size'. This is

different from rough pipe data, where roughness effects scale on (k /d),

the ratio of the roughness size to the pipe diameter.

SEarly rough surface boundary layer experiments demonstrated that the

skin friction becomes a function of x/ks alone. It follows from this

L that the momentum thickness also mutst be a function of x/k alore for

the zero-pressure gradient flow if the surface roughness is not changing.

Fig. 3.5 shows measured values of 0 versus (x-x ) for each of the

test section velocities, x being the appropriate virtual origin. The

growth curves of all the boundary layers are substantially the same.

I L Also shown is the expected behavior of a smooth plate at the same test-

section velocities. Although the 32 fps data are somewhat low and the1190 and 242 fps data show a slight shift at the downstream end, the co-

herence is good compared to the smooth plate curves. The two-dimensional

Iaintegral boundary layer equation for flat plate unblown flows is:

cf dO
"2- w T-x (3-5)

From Fig. 3.5 it can be seen that d8/dx is substantially indepen-

I dent of velocity, above 32 fps, being the same functton of 0 for all
velocities. From this observation c f/2 is mainly a function of U

alone. This might have been anticipated from early data which show.i

c f/2 was only a function of x/k. and independent of velocity.

Skin friction, deduced by differentiating the individual curves of

0 versus x, is shown in Fig. 3.6 plotted against the ratio of momentum

L thickness to ball radius. The 32 fps data are clearly low, and there

57



remains a small velocity dependence in the other data. At the two high-

eat velocitiea, the skin friction lies 10% to 15% above the other data

at the downstream end of the plate. It's difficult to assess the sig-

nificance of this, ?Nased on the present data. An error in measurement

of 6 of only 3% to 5Z could produce the differences observed in the

friction factors. Further, smooth surfac-e data, if plotted in these same

coordinates would place the low-velocity skin friction above high-

velocity values. This suggests that the velocity dependence observed

here is probably not an approach to the 'fully rough state'. Finally,

the Stanton number data show no such tendence, and they are less sensi-

tive to errors which may be present in the skin friction data.
Figure 3.6 also shows the Stanton number data for all five velocities

used, plotted versus LA/r, where A is the enthalpy thickness of the

boundary layer. The data are coherent for all velocities in the turbu-

lent region, including the data for 32 fps. After an initial overshoot

of a few percent, the 32 fps Stanton number data fall on top of the data

for all higher velocities. The turbulent data show no velocity depen-

dence; the Stanton number is a function only of A/r, for all veloci-

ties. It is interesting to compare the values of Stanton number and

friction factor at the same boundary layer thicknesses (i.e., A/r -

O/r). Friction factors for 90 and 140 fps tend to lie about 5% above

the Stanton number values all along the plate, rather than 15% low, as

in the smooth plate case. The agreement between the 32 fps data and

those for higher velocities was surprising, in view of the friction fac-

tor results. Furthermore, the roughness Reynolds number for that veloc-

ity lies between 22 and 30, hardly 'fully rough'.

To further investigate the Stanton number behavior at low roughness

Reync~i.ds numbers, a special tebt was conducted at a free-stream velocity

of 18.8 fps. The boundary layer was augmented by blowing at F - .004

over the first two feet of the test sectioni. The boundary layer was then

allowed to relax into its natural state. Stanton number data for the un-

blown plates are shown i.n Fig. 3.7, along with the mean of the 90 fps

data. It is notable that the low velocity Stanton number data form a

natural extension of the unblown 90 fps data. The roughness Reynolds
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number at the end of the test section for the 18.8 fps r-un was only 14,

I as determined from hot wire measurements of the shear stress near the

surface. This is far below the 'fully rough' condition and nearly[ 'smooth' by the usual criteria. It seems clear that 'fully rough' beha-

vior of the heat transfer data persists to much lower roughness Reynolds

L numbers, for the present surface geometry, than had been expected. The
classification of 'rough' or 'smooth' based on roughness Reynolds num~ber

I does not seem to be a reliable indicator for the heat transfer perfor-
L mance of rough surface tested here.

In the turbulent range, the present data fit the following correla-
1. tion:

jRough St M .0043(.4 - .2 (3-6)

The usual smooth-plate correlation in terms of enthalpy thickiness Rey-

nolds number can be cast in a similar form:

Smoo th StL 0.0153 0~25(37

(V )
In this form the Stanton number for both rough and smooth behavior

is substantially the same at 32 fps. At 18.8 fps, the smooth plate cor-

relation predicts a value n"arly 50% higher than the rough. This is

because of the inverse dependence of the smooth correlation on free-

I stream velocity. Clearly, the smooth plate correlation in this form

does not provide a suitable limit for the rough surface behavior.

In summary, the unblown data in Figs. 3.5, 3.6 and 3.7 seem nearly-

independent of free-stream velocity. Stanton number appears entirely

independent of velocity, being only % function of enthalpy thickness.

Skin friction may be independent and at most ha" a small dependence.

Skin friction, when 0/r is fixed, is only about 5% higher than Stanton

number at the same value of LA/r. The effective value of the Reynolds

analogy factor is about 0.95, instead of 1.15, which is typical of ai

smooth plate. The boundary layer seems to be completely turbulent, with

no discernible molecular effect. The effective value of the turbulent
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Prandtl number seems naear unity. Roughness effects on heat transfer

persists to very low values of the roughness Reynolds number, with no

evidence of the 'transitional roughness range' in the Stanton number

data. Momentum thickness and friction factor data do, however, seem to

show a transitional effect.

B. The Effects of Blowing

Blowing diminishes the Stanton number and skin friction for a rough

plate, Just as it does for a smooth plate. Roughness Rig skin friction

and Stanton number data at each of the five teat section velocities are

shown in Fig. 3.8 through 3.17. The'r~e data exhibit very similar trends

to the smooth plate skin friction ead heat transfer data presented by

Moffat [1l and Simpson [2].

An important feature of the unbiown turbulent boundary layer Stanton-

number data is its lack of dependence on free-stream velocity. This in-

dependence is preserved with blowing. Fig. 3.18 shows Stanton number

data for all the blown boundary layers at all velocities plotted versus

tA/r parametric in :e. Although the scatter is increased, the fully
rough blown turbulent boundary layer exhibits the same independence of

velocity as does the unblown boundary layer.
In view of this agreement, it is of interest to examine the roughness

Reynolds number range of the data, since this is so often used as the

measure of the rough surface behavior. At 32 fps and F . 0.002, the

roughness Reynolds number is about 17 at the point farthest downstream.

For all higher velocities or lover blowing fractions, Re. is greater.

Higher blowing reduces the wall shear still further. and, for 32 fps,

takes the roughness Reynolds number down to 10 (F - 0.004 at the 20th

plate). No reliable friction data are available for F -0.008 at 32

fps, but Stanton number data for F - 0.008 are shown in Fig. 3.18. The

32 fpa Stanton number data at both F - 0.004 and 0.008 are higher

than the rumaining data, and it is felt that they may represent a differ-

ent mcate of the boundary layer than the higher velocities. The scatter

in these data sometimes (though not often) exceeds ±0.0001 Stanton-

number units. No cause has been assigned.
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Values of Stanton number with blowing are predictable from the un-

blon values bya Couette relationship used for smooth plate flows, with

proper interpretation:

'st rn(l+B) 1.22
- L + B)25  . (3-8)

The fully rough prediction is to be made at constant A , whereas the

smooth plate prediction is made at constant Re&. Predictions based on

this equation are shown as solid lines in Figs. 3.19 through 3.23. The

agreeme.L is excellent for all data more than about 30 boundary layer

thicknesses past the peak of the transition hump. Data points more than

30 boundary layer thicknesses past transition are accented in Figs. 3.19

through 3.23. The application of the Couette flow estimator based on

enthalpy thickness instead of enthalpy thickness Reynolds number is very
reasonable in view of the success of this coordinate in organizing the

Stanton number data.

The skin friction data with blowing show a high degree of scatter
and like the unblown data it is difficult to draw any definitive couclu-

sions from them. It is interesting, however, to examine the momentum

thicknesses of the blown boundary layer. These measurements are less

prone to uncertainties and provide a better basis for interpreting the

rough surface behavior. Fig. 3.24 shows all of the momentum thicknesses,

plotted against distance from the virtual origin, parametric in F. It
is clear that in these coordinates, the boundary layers for all veloci-

ties are substantially the same. This leads one to suspect that in terms

of local thickness coordinates the skin friction should be the same.

Therv is so much scatter in the blown skin friction data that this cannot

be confirmed. It dues ueem likely, however, that the skin friction has

only a small dependence on free-streaz velocity, since that was observed

in the unblowu data. More accurate skin friction measurements will be

taken in the continuing experimental program on the rough surface bound-

ary layer, and this question will undoubtedly be answered in the future.
( The curve fitting technique used #-- determine skin friction did not

work well at blowing fractions greatc siin .004. The skin friction is
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so small at these high blowing rates that even small uncertainties in

the momentum thickness measurement result in differences in skin friction

that are percentage-wise large. Because of this, skin friction predic-

tions for the .008 blowing fraction runs have not been included in the

figures. The skin friction at 90 fps and F - .002 was accorded some

special treatment. The curve fit technique predicted a virtual origin

for the boundary layer that was inconsistent with the other data at that

velocity. In this one particular data act, the virtual origin was selec-

ted by extrapolating the boundary layer momentum thicknesses to zero in

cartesian coordinates. The skin friction was then evaluated with the

same curve fiz. routine but with fixed virtual origin. In all other data

sets, the curve fitting routine was allowed to select both the virtual

origin snd the curve from which the skin friction data were determined.
The effects of blowing on heat transfer and skin friction to a

'fully rough' turbulent boundary layer can be sumarized as follows.

Stanton number Is a function of A and F only, and the blown value

can be predicted from the customary predictive equatLon, but evaluated at
constant L instead of constant ReA. The effects of blowing on skin

friction are less well defined, but bounlary layer thickness measure-

ments indicate that the growth of the momentum boundary layer is sub-

stantially independent of velocity and a function only of the blowing

fraction. Based on this and the behavior of the unblown skin friction

data, it seems likely that the rough surface blown skin friction has at

mosL small dependence of free-sL,'am velocity. In view of the data scat-

ter, more definitive conclusions are not possible.

C. Roughness and Blowing Effects on Transition

All boundary layers in these experiments were allowed natural tran-

sitions wi'hout a boundary layer trip. There are two advantages of

'trippini' the boundary layer and having the virtual origin at the test-

section inlet: the momentum baundary layer origin is matched to the ther-

mal boundary layer, and it makes maximum use of the test section length.

However, when the well-defined laminar boundary layer and transition

region were found at the 32 fps test section velocity, it was decided
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that the opportunity to observe the effects of roughness and blowing on

L transition more than offset any advantages offered by tripping the bound-

ary layer. There is very little experimental information in the litera-

L ture about transition of the blown boundary layer on a rough wall.

The present experimental program was not specifically designed to study

transition, but some interesting observations could be made from the

data concerning rough surface boundary layer transition.

The effect of the laminar boundary layer on Stanton number can
I. clearly be seen in the non-blowing data in Fig. 3.1. Increasing the

free-stream velocity moves the transition upstream. It is interesting

to note, however, from Fig. 3.2 that the transition is well correlated

by momentum thickness Reynolds number. Transition occurs at a momentum

( thickness (and enthalpy thickness) Reynolds number of about 400.

The effects of blowing on transition can be seen using the data for

32 fps in Fig. 3.10. Shown on this figure are momentum thickness Rey-

i. nolds numbers at the onset of transition. The data clearly show that

blowing -moves the transition upstream but does not much affect the

L momentum thickness Reynolds number (about 400) at which the transition

occurs. It is important to note that the thermal protection offered by

blowing does not offset the effect of an early transition. Blowing

through a region which would otherwise have remained laminar can result

I in a much higher heat load than no blowing at all.
The present data indicate that, like pipe flow data, below a certain

critical Reynolds number the rough surface boundary layer remains laminar.

For these experiments, transition occurs at or near the same Reynolds

niumber thait would be expected for a smooth surface transition. There

are signs of transition in all of Srdnton number data, even at the higher

test section velocities.

A final remark that can be made about the laminar-to-turbulent tran-

sition observed in these tests is that once initiated, it occurs in a

relatively short distance. Smooth plate boundary layer transition is

often spread over a larger Reynolds number range. Fig. 3.25 compares

smooth plate transition data by Reynolds [53] to the present experiment.

The smooth plate Stanton number after transition approaches the asymp-

totic turbulent value slower than the rough surface data from these
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experiments. A possible explanation of this is that the surface

roughness elements may aid the transition process once initiated and

help bring it to completion over a shorter section of the plate.

D. Comparison with Other Rough Surface Experiments

Direct comparison of skin friction and heat transfer data to similar

rough surface experiments is useful because it demonstrates that the pres-

sent results are similar to what has been found in other rough surface 1
experiments. Several investigators have compared their rough surface

skin friction to the 'fully rough' skin friction correlation suggested by

Prandtl and Schlichting [10].

cf a (2.87 + 1.58 log x/k )-2.5 (3-9)

Moore's [12] data compare reasonably well with this equation, but he

found different size -"ughness elements were not organized in these coor-

dinates. The data by Liu [16] were reasonably well organized, but the

predicted skin friction was about 20% higher than the data. Wu [18]

measured average skin friction over a 10 x 21 inch test plate which agrees

well with the Prandtl-Schlichting equation for the average skin friction.

Skin friction measurements from these experiments are shown in Fig. 3.26.

Like Liu's, the present data )Ae about 20% lower than the Prandtl-

Schlichting curve.

In a more recent and extensive study, Lakshman and Jayatilleke [52]

examine nearly every available set of rough surface skin friction data

from both pipes and plates. They correlate the data in E and Re

coordinates, where E is defined by the equation:

+ 1 y+
u - n(Ey) . (3-10)K

Data from these experiments are shown in Fig. 3.27 in E versus Re

coordinates. Also shown is the line for sand-grain roughness. Although

the data lie above Lhe sand-grain roughness line in the tranuition rough-

ness Reynolds number range, it iz reasornably well organized in these

coordinates and agree well at 'fully rough' roughness Reynolds numbers.
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A direct comparison of the heat transfer results with other rough

surface experimeuts is more difficult because previous rough surface

heat transfer experiments have been performed in pipe g-wmetries. The

L data correlations of these Lests typically include pipe dimensions or

have their rouugiesb scaled by pipe diameters. The heat transfer data

[ by Dipprey and Sabersky [24] were correlated by the following expression:

I. ..74~f -1]-&(Re It Pr) - A(Re). (3-11)

For tully rough flow, the r and A functions are simplified to give:

I ýI 0.21 044

S L _ 1] + 8.48 5.19 Re I Pro. - gfr(Re TPr) (3-12)

Dipprey and Sabersky were able to correlate all of their fully rough data

L i 8gfr and Re coordinaLes. Owen and Thompson [25] recommend the

following epression for heat transfer from a flat plate:

""St. M u + (3-13)

1 where B* is the sublayer SLanton number. Based on their experiments and

data by otheru, the following correlation was recommended for the sub-

t layer Stanton number:

* 4 5 Re .8 (3-14)

with a lying between 0.45 and 0.7 but represented best by 0.52. The

Owen-Thompson expression can be cast into a form similar to the Dipprey-

Sabersky correlation:

iL {.i l+8.48 - 0.52 ReO 4T Pro* + 8.48 . (3-15)

These two models for rough surface heat transfer are plotted in

Fig. 3.28 along with data from the present experiments. Both correla-

tions agree reasonably well for roughness Reynolds numbers greater than

L 70. The data from the present experiments fall below these predictions.
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Both of these correlations employ a skin friction-to-Stanton number

ratio, minus one. The correlation in this form emphasizes experimental

uncertainties of the present data by looking at differences between

nearly equal experimentally determined values.

Another useful data comparison can be made using the correlation

suggested by Nunner [23]. This correlation compares the increase in

rough surface skin friction to the increase in heat transfer. Data from

these experiments is shown in Figure 3.29. Also shown is Nunner's cor-

relation and the more recent correlation recommended by Norris [30]. The

data from these experiments is best organized by Nunner's original corre-

lation.

Based on these comparisons, it appears that the rough surface skin

friction and heat transfer data from the present experiments are compar-

able with other similar experiments.
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i [II
S~ CHAPILR IV

L PREDICTION OF THE ROUGH SURFACE DATA

Predictions of the rough surface boundary layers hav2 been made

using a finite-difference prediction scheme based on the computer program

originated by Patankar and Spalding [37]. The turbulence model used in

4 this program has undergone substantial development at Stanford in order

to equip IL to predict sooth surface, transpired turbulent boundary

layers with pressure gradients. A brief description of the program is

given by Kays [381, who also gives examples of its use.

A. Hydrodynamic Predictions of the Rough Surface Boundary Layer

Closure of the boundary layer equations is provided by a mixing-

length scheme using a modified van Driest model in the inner region.

This model has been extensively and successfully used by several similar

prediction programs. In wall coordinates, it is given by:
+(l •+.-y +/A + 4i

++ e
- Ky+l

SNear a smooth wall, the mixing-length is 'damped' to allow viscous

effects to become impoLant, since molecular viscosity dominates the

flow in that region. Farther away from the wall, the mixing-length be-

comes a linear function of distance from the wall, following Prandtl's

assumption for mixing-length behavior in the logarithmic region.

I The van Driest parameter A+ may be interpreted as a measure of the

sublayer thickness. Based on this interpretation, several authors have

represented Aý as a function of pressure gradient and blowing. These

parameters are known to affect the thickness of the wall region of the

L boundary layer. Andersen [8] gives a brief discussion of the role of
A+ and reviews some interpretations which have been given to it.

In the outer region of the boundary layer, the mixing length is held
at a constant fraction of the 99% boundary layer thickness.
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= 699 (4-2)

Values of )X - 0.08 to 0.09 have been demonstrated to be satis-

factory for smooth wall boundary layers by several authors [35.38.501.

In these predictions, X - 0.08 was used.

It was suggested by van Driest [39] that roughness effects could be

simulated by changing the damping expression, since the presence of

roughness elements in the flow seemed to reduce the sublayer thickness.

This can be simulated in the van Driest mixing-length model by reducing

A+. In the present program, the relationship between A+ and roughness

was investigated by systematically predicting pipe flows over a series of

Reynolds numbere. It was felt that the relative simplicity of the pipe

geometry would provide results which could then be generalized to the

boundary layer case. Pipe flow predictions using different damping con-

stants produced results which verified that roughness effects zould

indeed be simulated by making A+ a function of the roughness Reynolds

number. Fig. 4.1 shows the functional forms of A+ which were deter-

mined for sand-grain roughness, commercial roughness, and the rough sur-

face used in the present experiments. The A+ correlation for sand-

grain roughness was obtained using Nikuradse's expression [9] relating

friction factor to the roughness Reynolds number. The commercial rough-A+
ness A correlation was based on relative roughness read directly from

a Moody chart at friction factors calculated for various pipe Reynolds

numbers. The A+ correlation for the rough surface used in these exper-

iments was based on the friction factor measurements made at the 32

ft/sec tunnel velocity. This was the only tunnel velocity at which the

roLghness Reynolds number, based on an equivalent sand-grain roughness,

was below 55. It is not surprising that the A behavior of the unitom-

ball roughness used in these experiments is different than either commer-

cial or sand-grain roughness. Roughness elements in a comw.rcially rough

surface are irregular and may include some very large elements which can

become 'active' and begin to produce roughness effects at relatively low

vclues of the nominal roughness Reynolds number. The roughness elements

in the sand-grain roughened surface are more uniform, and the onset of
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'transitional roughness' is delayed to higher roughness Reynolds numbers.

The extremely uniform nature of the roughness used in these experiments

still further delayed the onset of transitional roughness. This is the

[behavior shown in the A+ correlations for the different surfaces. As

would be expected, the different A+ correlations come together as the

roughness Reynolds number approaches the 'fully rough' value and at a

roughness Reynolds number of 55, A has reached zero for all surfaces.

This is consistent with the idea that at the onset of 'fully rough' be-

havior, the roughness elements protrude outside the sublayer. The sub-
layer thickness has effectively gone to zero when A has gone to zero.

Without a sublayer, form drag replaces viscous shear and the flow resis-

tahce becomes independent of viscosity -- an important charaCteristLic of

'fully rough' flow.

In the prediction program, the turbulent shear transmitted to the

wall is calculated from an eddy diffusivity which is based on the mixing-

length model. One way to represent the 'fully rough' behavior at the
wall is to make the mixing-length and, therefore, the eddy diffusivity

non-zero at the wall. There is evidence that the rough wall affects

mainly the flow very near the wall. Clauser [48] has shown that velocity

profilhs taken over both smooth &nd rough surfaces are similar when plot-

ted in defect coordinates. His conclusion was that the outer flow (which

is some 90% of the boundary layer) is not affected by the surface rough-

ness. In these coordinates both smooth and rough wall velocity profiles

are similar. The prediction scheme of the present work is based on these

observations.

The mixing-length was made non-zero at the wall, becoming asymptotic

to the- smooth wall behavior away from the wall by expressing the mixing-

length in the following manner:

(£K ) + + (A) (4-3)
m 0

By again predicting pipe flows, a correlation of the value of the mixing

length at the wall, At versus roughness Reynolds number was obtained.
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2l

Ato"•+/ - .05325 (4-4)

Figure 4.2 shows the variation of At+ with roughness Reynolds number
o

along with the data predictions used to obtain Eqn. (4-4). It is inter-

esting to note that for large values of roughness Reynolds number (Re >

100) the functional relationship reduces to a simple linear variation

between mixing-length offset, Ato, and equivalent sand-grain roughness.

The effect of roughness on mixing-length is related only to the size of

the roughness elements, an importan. characteristic of 'fully rough'

behavior. With this correlation, it is possible to predict the behavior

of all of the surface roughnesses which require different A correla-

tions. This was expected, since in fully develope" roughness the beha-

vior of many different surfaces can be expressed in terms of an equiva-

lent sand-grain roughness.

The mixing-length variation as a function of roughness Reynolds

number is shown iu Fig. 4.3. Fig. 4.4 shows predictions of Nikuradse's

[9] rough pipe data. These predictions were made by modeling the Niku-

radse experiment wtth the prediction program using the mixing-length
+model just described. The sand-grain roughness A correlation was used

for roughness Reynolds numbers below 55 and the correlation for mixing-

length value at the wall, Ae, above 55. The rough pipe behavior was

well predicted over a wide range of roughnesses and pipe Reynolds num-

bers.

Predictions were made of the rough surface boundary layer from the

present experiments using these same correlations. For roughness Rey-

nolds numbers below 55, it was necessary to use an A co+'velation

selected for this particular type of roughness. For roughness Reynolds

numbers greater than 55, the same mixing-length offset correlation al-

ready described was used. Figs. 4.5 and 4.6 show a comparison of mea-

sured and predicted velocity profiles at velocities of 32 fps and 139 fps.

In general, measured aiid predicted profiles in wall coordinates compare

favorably as long as the measured and predicted skin frictions are com-

parable. This is generally the case over the last two-thirds of the test

section. Fig. 4.7 compares the measured and predicted skin friction for
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I three test section velocities. In rearly every case the predicted values

are greater than measured near the front of the test section. This same

trend has also been observed in the smooth wall predictions and probably

results because initially the boundary layer is still recover:ing from

1 transition and attempting to reach an equilibrium state.

In making these predictions, it was found that blowing decreased

the predicted skin friction. In order to keep this reduced skin fric-
tion from reducing the effect of the roughness, a fUrst-order blowing

correction has been added to the correlation for the mixing-length at
• ~the wall, Ak+ With the blowing correction, it becomes

AZO - L!!T ' +f I-!- -1 .05325 (4-5)

Re /5 for Re < 80

16 for Re > 80

One would expect that blowing should play the same role in the

mixing-length formulation no matter if the wall is rough or smooth. The

expression for roughness Reynolds number with its blowing correction can

be rewritten as the sum of two roughness related Reynolds numbers:

Re, ý l+ f (V -"()+f(~ (4-6)

It is reasonable that if there is blowing at the wall this should affect

the mixing-length correlation and that the effect be similar to the cor-

rection that other investigators [3,35,49,50] have applied to A+ to

ensure correct prediction of smooth surface skin friction with blowing.

I.
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II

B. Iheat Transfer Predictions for the Rough Surface Boundary Layer

Heat transfer predictions were made by solving the boundary layer

energy equation using a turbulent Prandtl number model for closure. A

constant turbulent Prandtl number is often used for smooth surface bound-

ary layer predictions. There is not complete agreement among experimen-

ters about the behavior of the turbulent Prandtl number with distance

from the wall, but most agree that it increases near the wall. One

turbulent Prandtl number expression which has been used successfully 1
for air [38] and which reflects this trend is given by:

PrtLsmooth M (1.43 - 0.17 y+1/4) (4-7)

for Pr > 0.86. If Pr < 0.86, then
L, smKooth -t,smooth

Pr oo - 0.86 '"L,smoo th"

A plot of this model is shown in Fig. 4.8, and it can be noted that

near the wall the Prandtl number increases Lo 1.43, which is approximately

the reciprocal of the molecular Prandtl number for air. Also shown is

the constant turbulent Prandtl number model often used for air as well

as other, higher Prandtl number fluids.

Figure 4.9 illustrates the results obtained using the smooth st rface
turbulent Prandtl number model for rough pipe heat transfer to air. The

pr(diLtions are plotted in the coordinates used by Nunner [23] to organ- .1
ize his rough pipe heat transfer data; rough-to-smooth Stanton number

versus rough-to-smooth skin friction. While the predictions are reason-

ably well organized in these coordinates, probably due to the correct

modeling of the skin friction, the general trend of the data is high. Use

of this smooth wall turbulent Prandtl number over-predicts the heat trans-

fer. This was not unexpected. The smooth surface turbulent Prandtl num-

ber model forces the momentum and thermal eddy diffusivities, and therefore

the transport process, themselves, to be similar. In solving the momen-

turn problem, the mixing-length has been increased near the wall to

account for form drag and increased mixing at and near the surface due
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to the presence of roughness elements. In the heat-transfer problem,

j the increased mixing will increase the thermal, transport across the

boundary layer near the wall, but at the wall there is no hrat transfer

Sl mechanism analogous to the pressure force transmitted to the wall as

form drag. At the wall, heat can be transferred only by conduction. To

account for this difference using only the parameters available to the

prediction program, the turbulent Prandtl number must be increased both

S| at and near the wall. To accomplish this, a thermal mixing-length has

I been defined. The rough surface turbulent Prandtl number is then ex-

pressed as:1
Pr -Pr Pým2  (4-8)t,rough t,smooth(&m

The thermal mixing-length is defined with the same modified van

t Driest model used for the momentum mixing-length and uses the same rough-
ness correlations. However, when evaluating the thermal mixing-length, a

reduced roughness Reynolds number is used. Since the roughness effects

1. are built into the models only near the wall, the thermal mixing-length
is less than the momentum mixing-length near the wall, but both approachI1.'
smooth surface behavior away from the wall. This produces an increased

turbulent Prandtl number near the wall, but approaching the smooth

surface correlation away from the wall. It was decided to first apply

thiz wodel to rough pipe heat transfer data and then generalize these

results to the boundary layer case. The Dipprey and Sabersky [24] pipeI data were chosen because of the wide range of roughness and fluid Prandtl

numbers. It soon became evident when predicting these data that the

thermal mixing-length correlation, to be successful, must be a function

of Prandtl number as well as roughness Reynolds number. At high[ roughness Reynolds numbers, the increased mixing-length used for the

hydrodynamic predictions almost entirely masked any molecular Prandtl[ Inumber effects on heat transfer. To correctly predict the heat transfer

results, the amount by which the roughnes3 Reynolds number is reduced

when evaluating the thermal mixing-lengtla must be a function of molecular

Prandtl number. Predictions of the Dipprey and Sabersky data are shown
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in Figs. 4.10 and 4.11. It's apparent that the Prandtl number effects

persist even in the very rough data. In making these predictions, the

rouglaiess Reynolds numbers were reduced by the factor CH, which was

given by:

CH - 0.5 for Re. < 40 (4-9)

C11 - 0.5 - .0454(l.9+2r)(log Re -1. 6 02 )

In using this correlation, C11 is never allowed to become less

than 0.1. A plot of CH is shown in Fig. 4.12. It should be pointed

out that CH simply provides a convenient means by which to reduce the

effects of roughness on the thermal mixing-length at and near the wall

and therefore produce a higher turbulent Prandtl number at and near the

wall.

To j.-dict the hLat transfer data from the present tests, it is
sufficient to simply reduce the roughness Reynolds number by half. As

can be seen from Fig. 4.12, over the limited roughness Reynolds number

range of these experiments, this is essentially the same CH which

would be produced by the correlation used for prediction of the Dipprey

and Sabersky data. Fig. 4.13 compares the Stanton number predictions

for the present experiments with the data. As can be seen, the agree-

ment of the predictions with the data is very good.

Finally, it should be pointed out that the models used here are

based primarily on the observation that the roughness effect is confined

to a region very near the wall, with the outer region of the boundary

l.er being relatively unaffected. In the present heat transfer model,

if the reduced roughness correction were not used, the increased turbu-

lent transport at the wall would overshadow any molecular effr-cts. This

has been shown experimentally not to be the case -- the Prand,1 number

of the fluid plays an important role in rough surface heat transfer. As

a result, a Prandtl number effect must be included in the corroiations

used for the Stanton number predictions. A possible reason why molecular

effects persist in rough surface heat transfer lies in the fact that con-

duction is the only mechanism available for the exchange at the wall.
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As the height of the roughness elements increaser it is likely that thet |inner regions can be modeled as a nearly stationary fluid film. Heat
I must be transferred through this film by conduction, hence the molecular

Prandtl number becomes important. This fluid film is not part of the

present finite-difference prediction program. An improved modeling

might include a thermal conduction layer in the energy equation to better

rclresent the molecular effect that is present in the rough surface heat

transfer data.

9

II

97



!. I I

00

ad 41
Ln0 U; V4

tfý ad

(12

A0 00

10

u~ 0i

$4 '-4

ribo
I 4 0 01 03

Ch 4 0 D u-4

C,4O

V-4 C-

0 040

98



it)i

L

4C

m '-4

v4 0 0

¢N

>
4n r4 W

ji ci

-4I+ o

o 9 II

99 4'
.1 3



0 -0

'-4

UU

*1*4
'a

100)



L 0

0

ou

ý4-

r-4 C4-W

I-A 0 r4.

C4 r4

441.

101u



4-4

'-4

Cn

S 4.4

0

00

0% 00

Cf4 m 4
1-4 VU u

04-

44

102



Lc 0

Cl -l 4-'J

V 0
0

N. Is
4) a0r

10 0 al

103



(.10 0W4
41 0 FA

a tfl44.,

I~i.-4 z

1844

fa 1
0

00

-.44

04 41

104



L

I1

L 1.2

0....' ;1~f (all)

Sl~e - a i i i .*,

Fig. 4.8 Smooth surface turbulent Prandtl number model

REYNOLDS NUMBER

C) Rd ' 25,000

3. ] Red a 52,000 -
He d 520.000
Red" 1.010.000 0

St

SL

2 4St (TCf 0.64

C f/CL

Fig. 4.9 Rough pipe heat transfer predictions with smooth surface
turbulent Prmndtl number model

105

I."',

i -- - --- - - - _ _ _ _ _ _ - - - . - - - -



ý4 A)

*00

0. 0

0 -4

-T 0

Ln4 -* kn

~'0 C04 1

L:J

040

0

CIAt -,ý

CD -4 
N

N-I

1064



SA m

C1 00

c0 co0 A

N1 4 L

IAI
444

E-4'

[C1 C, 4 -t u

00

0

s- d -41 1

41-

4-4 in 44 Z

107



r4

tn0

0% 
C)

CC14

r4 a

108%



Aj-t0

I 1C4
0 .0

oc)

4-'

1.j
0

at 44
"-4 34

QQ In

414

00

1094



CHAPTER V

SUMMAkY AND CONCLUSIONS

The principal results and conclusions of the present rough surface

experiments can be summarized as follows:

1. The present study has used a deterministic roughness, 0.050 inch

diameter spherical elements arranged into a most-dense array. The ther-

mal and hydrodynamic performance of the boundary layer on this surface

was quite likely affected by its highly regular roughness. In particular,

the marked absence of any 'transitional' behavior may be due, in part, to

this effect.

2. The range of roughness Reynolds numbers u Tk /V, for the no-

blowing tests was from 24 to 200, covering the transitioual roughness

range and extending well into the fully rough range by conventional defi-

nitions. The fully rough state seems to have been attained: it certainly

was for the heat transfer data and probably was for the friction factor
data. The measured Stanton numubers are not dependent on free-stream

velocity, but are functions ouly of the enthalpy thickness of the bound-

ary layer and the blowing fraction, p v /P u . The unblown Stanton

number data for all five velocities tested lie within a few percent of

each other when compared at the same enthalpy thickness. With blowing,

the utcertainty in the measurements increases but the tendency to be

independent of velocity remains, even at very high blowing.

These comments seem also to apply to the friction factor behavior,

but with less certainty, 'dnce the data are more sensitive to errors and

show more scatter.

3. The behavior of the boundary layer at low roughness Reynolds

numbers was investigated by an additional test with the boundary layer

thickened by blowing through the first two feet of the eight foot test

section. This action reduced the roughness Reynolds number to 14 at the

downstream end of the plate. Even at this low roughness Reynolds num-

bers the heat transfer data continued to exhibit 'fully rough' behavior:

Stanton number was the same function of enthalpy thickness as observed
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I.

I.
at higher roughness Reynolds numbers. It remained independent of stream

velocity.

The expected approa:h to smooth plate behavior was not observed.

If smooth plate heat transfer represents the asymptotic behavior of the

rough surface as the roughness Reynolds numbex is reduced, it was not

apparent from these experiments.

4. Blowing through a rough surface diminishes the Stanton number.

The effect of blowing is predictable using the same relationship found

valid in smooth plate studies:

St [Zn(l+B)L 1.25 25 (5-1)StL J(l+B) 5Y
oA

where St and St are evaluated at the same enthalpy thickness, A
0

(for a smooth plate, the Stanton numbers are to be evaluated at the same

enthalpy thickness Reynolds number).

5. Transition on the rough surface began at approximately the same

momentum thickness Reynolds number (350-450) for all of the conditions

tested. For the surface tested here, transition occurs at about the

same momentum thickness Reynolds number that would be expected for tran-

sition on a smooth plate. The transition moves upstream with increasing

free-stream velocity and with blowing.

6. Blowing in a region which would otherwise have remained laminar

may greatly increase the local heat load. The turbulent heat transfer

coefficient, even with moderately strong blowing, is much larger than

the laminar, unblown value.

7. The effects of roughness on skin friction can be accounted for

in a finite-difference boundary layer prediction scheme, using a mixing-
length model for mean field closure, by modifying the mixing-length

i I variation very near the wall. Successful prediction of rough surface

heat transfer requires modification of the turbulent Prandtl number dis-

tribution very near the wall.

In conclusion, it is safe to say that the work reported here is just1 the beginning of the rough surface investigations at Stanford. Already

under way is an extensive program to make detailed hydrodynamic
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measurements in the rough surface boundary layer. When complete, theseshould provide a much better basis for formulating realistic prediction
models.
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APPENDIX A

MAIN AIR SUPPLY SYSTEM COMPONENTS

The following is a brief description of the construction details of

the major components in the main air supply system.

A.1 Inlet Header and Screen Box

The he-at exchanger inlet header and screen box are shown with their

overall dimension in Fig. A.l. One side of the box is removable to allow

removal of the screens and screen spacers. The screen material is #40

mesh. .0065 stainless steel wire stretched on 1 x 4 inch clear pine frames.

Four such frames are used with 2 x 4 inch clear pine spacer frames be-

tween each screen. Both sides of each screen and spacer frame are lined

with felt gasket material to avoid leakage around the screen pack. Align-

ment pins are used to insure that the screen and spacer frames are properly

aligned in the box. A photograph of the header, heat exchanger and screen

box assembly before the nozzle was installed is shown in Fig. A.2.

A.2 Wind Tunnel Nozzle

The Roughness Rig nozzle shape is shown in Fig. A.3. The nozzle was

fabricated in two halves from fiberglass and then hand fitted together.

The nozzle wall shapes were first layed out on 1/16 inch aluminum tem-

plates from which the mold for the fiberglass build-up was made using

high density, closed cell polyurethane foam. The approximate nozzle

shape was carved from a block of polyurethane foam with a hot chromel

wire using the aluminum templates as guides. The final shape was ob-

tained by hand sanding the foam block and titen reinforcing its surface

with a thin layer of polyester resin which was sanded to conform to the

final nozzle surface shape and surface smoothness.

Before the fiberglass layup was made, the mold was waxed and sprayed

with a release agent. The first coat of resin was a white gel coat,

sprayed on the mold. This was followed by two layers of fiberglass mats
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a layer of fiberglass cloth and two additional layers of fiberglass mat.

An additional layer of mat was added to the nozzle flange for reinforce-

ment.

Reinforcing ribs made from one-eighth inch thick masonite were at-

tached to provide added strength and the nozzle halves were bolted to-

gether along the horizontal midplane. The final shape of the nozzle sur-

face conformed to the design shape within .020 inches total run out.

Figure 4.4 is a photograph of the two nozzle halves. The male nozzle

mold is shown in the background.

A.3 Multistage Diffuser

The Roughness Rig diffuser is a multistage vaned diffuser unlike

any previously built at Stanford in that several two dimensional diffusers

are arranged in series. Figure A.5 shows a sketch of the diffuser with

its overall dimensions. A photogroph of the diffuser before it was in-

stalled in the rig is shown in Fig. A.6. The first stage of the diffuser

has a movable top which can be adjusted to align itself with the test

section top and form a smooth transition at the test section exit. Fol-

lowing the adjustable inlet section is a two-dimensional expansion which

employs five vertical vanes to expand the diffuser width from 20 to 24

inches. Next are two separate two-dimensional expansions employing five

and then eight vanes to expand the diffuser height to 24 inches. This
empties into a plenum box connected to the blower inlet with a flexible

connection. As can be noted from the photograph, the diffuser variable

area inlet section and first vaned expansion has been constructed from

plexiglass with aluminum vanes. At the bottom of the plenum box is a

flange for connection to the small charging blower used to control the

tunnel static pre~sure level. The estimated efficiency of this diffuser,

had each of the stages performed in the assembly as it would have in-

dividually, would have been in excess of 50Z. The actual diffuser ef-

L ficiency is closer to 40% and even less at lower test section velocities.

This performance is however acceptable and the wind tunnel does achieve

its test section design velocities. Part of the difficulty with the
diffuser performance is that the inlet flow into the diffuser is almost

all boundary layer fluidparticularly when there is b~owing in the test
section. This contributes to its reduced performance.
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I. APPENDIX B

TRANSPIRATION FLOW METERING SYSTEM

Constant current, hot wire type flow meters are used to measure flow

rate in each of the individual plate transpiration air supply lines.

These flow meters consist of two side-by-side probes installed in the

center of a 3 foot long tube used as a riser between the transpiration

header box and the control valves. Each unit is individually calibrated.

The probes are small tubes which span the delivery pipe and contain the

junctions of a differential iron-constantan thermocouple. One Junction

is in a thin wall, 0.025 inch diameter glass tube which is a passive

probe. The other Junction is in the center of a heated rod. The current

in the heater is held constant during flow meter operation and the dif-
ferential thermocouple output is the signal used to measure flow rate in

the tube. A schematic of the circuit is shown in Fig. B.1. The heated

probe consists of a #2-56 nylon screw, center-drilled with a #50 drill.

Each end of the screw is threaded into a short piece of #8 brass screw

stock, which serves as an end terminal for the heater power connections.

Nichrome heater wire is wound onto the nylon screw using the threads to

space the heater wire and is soldered at each end to the brass terminals.

The heater wire is then potted in place with Permabond cement. A photo-

graph showing the soldering of the heater wire to the brass end terminals

on a flow meter probe is shown in Fig. B.2. Typical resistance of a probe

heater is 5 ohms, although this value varies a few percent from heater

to heater.

Each flow meter unit, consisting of the riser tube with differential

thermocouple and heater, was individually calibrated on the flow bench in

the Thermosciences Measurewent Center. The meters were calibrated in

both upward and downward flow, for blowing and suction, using a bank of

Meriam Laminar Flow Meteri as secondary standards. These laminar flow

meters had been previously calibrated against standard ASME fiow orifices.

SIn the controlled environment of the Measurement .4i.cer, it is felt that
the flow measurements were accurate to within ± 1%, the accuracy normally

claimed for the ASME orifice.
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At each flow calibration point, the heater current was set and the

differential thermocouple signal allowed to stabilize. A Hewlett-

Packard 2401 IDVM using an external clock to allow integration of the

flow meter signal over a 10-second interval was used to read the differ-

ential thermocouples. A typical flow meter calibration curve Is shown

in Fig. B.3.

The flow meters installed in the rig can operate in two modes. In

the first mode, the power and differential thermocouple connections are

made through a series of double pole switches such that flow meter opera-

tion is restricted to a single channel at a time. Activation of each

successive flow meter heater circuit also activates its read-out circuit.

The flow meters are operated in this mode while setting up the rig-

running conditions. In the second mode of operation, power is supplied

to the meters in blocks of 6 at a time. This mode is used during data-

taking. A short computer program is used, called FLOMET, which calculates

the flow meter signal requir, d for the desired transpiration flow for

each individual meter. The flow control valves must be adjusted, one at

a time, such that each flo i meter produces its desired signal. The same

flow meter calibration tUiles in FLOMET are also contained in the data-

reduction program, and Ine flow meter readings are re-.recorded when the

actual heat transfer di ta are taken, so accurate flow measurement is

assured.

The flow calibration tables contain flow and flow meter response in

terms of SCM and EMYi -- that is, cubic feet per minute of air at san-

dard conditions and the emf reading the flow meter would have produced if

air at standard conditions had been flowing through the transpiration

system. To convert from actual to standard conditions, thz following

arguments must be used. The flow meter differential Lhermocouple signal

is proportional to the temperature difference between the heated and the

passive probes of the meter.

emf x AT (B-l)
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The temperature difference can be related to the heat transfer coef-

ficient between the flow and the heated probe, and finally to the Nusselt

number.

emf c AT - - ) k _ (B-2)Ah \Ak, hd Ak Nu,

A similar expression can be written for a flow meter operating at[ standard conditions, denoted by the subscript 'o'.

0 0 0

Taking the ratio of the two and noting that the area, diameter and

I heat flux will remain the same between the two conditions,
emf

o 0 Nu k (B-4)
emf Nou kI0 0

From the flow meter calibration data, the signal is seen to vary

with the 0.45 power of the flow Reynolds number. Using the normal 0.3
dependence on Prandtl -aumber, we can write

Nu c Re0.45 Pr0.3 . Re0.45 (k/pc) 0.3 (B-5)

Also,

Re - SCFMM (-1) (B-6)

I With this, holding SCFM constant yields

ef0.45 0ýo 45 Y. 3  (1 015 03 0 7
0 _C0 (k L \1

-m C n11 -01 -c kI(P6~amf PCF 0 c

T( )c( B-7)

The following temperature and humidity dependence is assumed for the

air properties: 0"

Lk/k° =
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(T/T) 00.725

c/c - not temperature dependent in the range of
0 the test data

w - absolute humidity of the air

(k/ko) - not humidity dependent in the range of the
test data

(PI/o - (1I- 0.7 w)

(c/co) - (I+ 0.9 W)

Substituting these into the expression for emf gives

emf0 T 0.41 (l + 0.9 03 (B-8)

emf T( - 0.7 w)o.15

Using binomial expansions for the humidity terms, this can be simplified

to

0.41
emf° - emf(T/T ) (1 + 0.38 w) (B-9)

All flow meter calibration data have been converted into standard

conditions with this expression, for use in the data reduction program.

Flow meter readings taken at test conditions are then converted to stan-

dard conditions before entering the calibration tables.

Experience with this metering system has been highly satisfactory.

At relatively high flows, 10 cfm and over, adjustment of the valves to

give the desired flow meter signal is relatively easy. At lower flow

rates, flow valve adjustment is a bit more tedious because of the slower

recponse of the meter and the coarse adjustment that the ball valves

.afford in their nearly closed positions. The meters themselves seem

stable and do not show any appreciable drift during a data run. On at

least two occasions during the rig shakedown, flow meters were removed

from the rig and recalibratcd tn be sure that the heaters and differential

thermocouples were not 'aging' and changing with use. In only two cases
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were changes in the meter calibrations noted, and each of those occurred

because of overheating of the heater probe. The two probes had been

inadvertently activated when there was no flow in the transpiration sys-

temn. In all other cases, there had been virtually no change in the flow

meter calibrations.
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APPENDIX C

PLATE POWER CONTROL CIRCUIT

Plate 4wower control is achieved by controlling heater voltage using

a solid-state control circuit for each plate, as shown in Fig. C~l. The

circuit was designed by T. R. Mogel, of the Civil Engineering Department

at Stanford, who also did the printed circuit board layout and acted as

general consultant in shaking down the Roughness Rig power control sys-
tem. The following description is paraphrased from a discussion of the

control circuit written by T. R. Mogel for the seventh quarterly progress

report on the research contract which funded the Roughness Rig project.

The power control circuit consists of three main parts: an opera-

tional amplifier, a high-power output amplifier, and a feedback network.

The heater voltage is-set by a 10 turn pot with ±0.2% linearity, which

sends a proportional amount of the -10 volt reference to the heater con-

troller. The voltage appearing across the heater is determined by the

feedback network. The whole circuit can be thought of as an operational

amplifier whose D.C. transfer characteristic will be:

V out V Vin R I/R 3  (RI R R2, R 3  R R4) (C-1)

The output voltage will be

V hete - Vref R1/R 3  (C-2)

For the resistances used in the c~trcuit,

Vh e 22.1 a (C-3)

where a is 0 when the pot resistance is at the counterclockwise stop

and when 1 is at the clockwise stop.

hihThe capacitor is used to stabilize the amplifier by rolling off the

hihfrequencies. A diode is used to prevent the output of the operational
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amplifier from going negative. A second diode is used to allow the high-

". ~est of the heater voltages from all the channels to be known,

A feature of this system is that the heater voltage stability is a

[ function of the stability of the -10 volt reference and not the heater

supply. The voltage drop of the lead wires of the heaters is compensated

I for, since the amplifier 'looks at' the voltage directly across the

heater.

A shunt is placed in series with each heater elexent to measure the

current. The heater voltage is also measured so that heater power can
be determined independently from the control circuit. The AiccuraLy Of

L the data is not, therefore, in any way related to the operation of the

con~trol circuit.

I The circuitry in the dotted box is on a printed circuit card (6 chan-
nels per board).

[ A protection system has also been designed which provides for shut-

down of the heater power supply in any of the following cases: over-

voltage on the bus bar, over-voltage on any individual plate or over-

current on the bus. The system guards against exceeding a total bus

current of 750 amps or bus voltage of 22 volts using fixed-level detectors.I A variable-level detector circuit is used as a check against individual
plate over-voltage. One potentiometer setting guards all of the plate

circuits against the sawe maximum plate voltage. If any of the individ-
ual plate voltages exceeds the set value, the D.C. power supply is shut

down. Circuit diagrams for these protection circuits are shown in Fig.

C.2. They have been wired on a single printed circuit board and are

included with the control circuits in a common card box behind the circuit

control panel. A photograph of the back of the plate power control panel
is shown in Fig. C.3. One of the four printed circuit boards is shown on

an extender card above the card box. The bundle of wires at the bottom

of the box include both the control leads to the power transistors mounted

on the water-cooled bus bar and the heater voltage sense leads. A photo-

graph of the bus bar box is shown in Fig. C.4. The heavy cables at the

rear of the box are the power leads from th' overhead bus bars.
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I[ APPENDIX D

POROUS PLATE FABRICATION

In order to evaluate the practicality of brazing the porous plates,I the brazing of '!ogpiles' made (. segments of copper wire was attempted

first. This was done by plating (with electrolese nickel) several 1/2. i1 inch long piece& of O.U50 inch diameter copper wire which were then
placed into a stainless steel mold and heated for seven minutes at

17u 0 °F in a hydrogen atmosphere furnace. The result was a success: a

brazed 'logpile' of copper wires. With this established, a search was

begun for a supplier of copper balls for the porous plates. A 5 lb.
sample of copper balls was obtained from the Pioneer Steel Ball Company
of Unionville, Connecticut. Finding a plating contractor to plate the

I.. halls proved more difficult than had been anticipated. A part of the

firet sample of copper balls was sent to the Naval Weapons Lab Plating

Shop at China Lake. The remainder were distributed among several local

plating shops who were asked to bid on the job of plating 100 lbs. of

the balls. As each sample was returned, a small plug was brazed in the

Hansen Labs furnace using a quartz tube as a mold to test the quality of[ the braze. The ball sample sent to China Lake was used to assemble a

4 inch square plate for the first large-scale demonstration of the braz-

ing technique. The mold for this sample was constructed with OFHC sideI. rails and a sheet of 1/8 inch quartz for the bottom. The advantage of

the transparent bottom was that the ball Lrrangement could be examined

to ensure the ball array on the bottom of the mold had not been disturbed

as successive layers were added. There was some hope initially that if

the balls were carefully shaken or jarred they would arrange themselves

in their most iense array; but after considerable experimentation this

I hope was finally abandoned and the balls were arranged by hand, one layer
"I at a time, until the desired thickness was achieved. The 4-inch mold was

successfully fired in the Hansen Lab furnace.

Work on fou" full-size mold cavities was then begun. High cost and

slow delivery for the quartz bottoms mitigated against their use for
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these molds and OFHC copper was used instead. An order for the full 100

lbs. of balls was placed. and Electro-Coatings, Inc. of Emeryville,

California, was selected as the plating contractor. They had developed

a small stainless ateel basket to tumble the balls to improve the plating )
unifortity. Samples were then obtained with various plating thicknesses

and used to determine the plating thickness which would provide the

stroagest bond without excessive buildup of the braze material at the

ball con=ections. A small iwld which produced I inch square samples was

used for these test braze samples. A platihg thickness of 0.0005

inches was finally selected. The plating contractor agreed to plate the

balls in 9 lb. batches, which was just sufficient for a single 4 x 18

inch plate 1/2 inch thick. It was found that difficulty was encountered

if a plate was assembled with balls from different plating batches.

Small differences in platlag thicknesses resulted in small differences

in the ball sizes which didn't show up until several hundred of them had

been arrauged in rows in the mold.

The firing of these large molds was not possible in the Uanseni Lab

tube shop, but space and furnace timw were provided to us at the Stanford

Linear Accelerator (SLAC) tube shop. The SLAC tube shop has a 24" hydro-

gen atmosphere brazing furnace, one of the few of this size on the West

Coast. The tube shop supervisor, Mr4, Bob Bosenburg, and his people spent

considerable time educating us in 'brazing technique'. Ke±eping the molds i
and balls clean and use of the proper release agaat to keep the plates

from sticking in the molds were only part of this help. The ball were

assembled in tht iold•d by hand, filling four molds each time before

firing. To assist in this phase of the projezt, two temporary employees

were hired. The ball pack used consisted of 11 layers of balls, each

layer 91 rows wide at the test surface with 357 balls in each row. The

ball layer behind the surface layer contained 90 rows and all other layers

used 89 rows. This construction provided a lip at the top surface of the

plate so that when two plates were laid side by side they would form a

continuous surface but there would be apace between them beneath the top

layer for the phenolic support strips. As already noted, the final layer

of balls was arranged so that a ball row was omitted between every ten
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rows to form grooves for the heater wires. A photograph of a ball assem-L bly nearly completed in a copper mold before firing is shown in Fig. D.l.

Fig. D.2 shows a photograph of the molds being filled. As shown in this

phorograph, most of the ball arrangement was done with small brushes.

With some practice it became possible to literally paint the ball rows

into place. Each plate contained on the order of 350,000 balls. Assem-

"bly of the ball pack took between three and four days for an experienced

worker.

Another problem that the SLAC tube shop personnel worked o'4t for us

was the correct 'heating pattern' for the brazing of the full-,size plates.

The heating pattern finally adopted was to heat the plates to 840%C and

allow the molds and plates to equalize at this temperature. This appears

to be just under the melting temperature of the phopLickel plating on

the copper balls. After equalizing all the furnace thermocouples to

within a few degrees, the plate and mold temperature was increased to

910%C and held for ten minutes. During this fine!. heating, all mold

thermocouples were held within a ten degree band to avoid uneven heating.

1• At the end of the ten minute cycle the furnace heating element was re-

moved and the steel retort was air-quenched. Typical cooling times for

'1 this process was usually in excess of twelve hours before the plates

could be removed from their molds. This particular heating pattern seemed

to optimize the brazing process. At lower temperature, the braze fillets

formed between balls were smaller and often would not hold. At higher

temperatures, the plating seemed to evaporate or be absorbed into the
balls and there was less available for the braze.

Figure D.3 is a photograph of the arrangement used for the molds on

the pedestal of the 24 inch SLAC furnace. A photograph of a tube shop

technician removi-g the heating element from the steel retort after fir-

ing iE shown in FiC. D.4. A photograph of the finished plate, after the

copper molds were removed is shown in Fig. D.5. The black material on

the mold is the release agent used to avoid having the balls braze them-

selves to the mold. It was found after several firings the copper molds

became extremely soft and lost all temper. Inspection was needed after

each firing, before reassembly, to ensure that the side walls were
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straight and square. Fig. D.6 is a close-up of the plate edge after

firing. The ball layer lip is clearly shown. As described earlier, this
lip made it possible to construct the rough surface test section without

interruptions in the roughness pattern at plate joints.
The successful fabrication of the Roughness Rig plates was possible

thanks to the help of several people. Particularly, the author is thank-

ful to Nick Andrews, foreman at the Hansen Lab Tube Shop who first helped

me successfully braze the trial samples. To Manny Gill of Electro-

Coatings, Inc., who worked out the batch process which allowed the suc-
cessful plating of the 8 million balls that were used. To Bob Bosenburg,

Supervisor of the SLAC Tube Shop, and his people, who gave us space$
furnace time and the benefit of their many years of experience in brazing

the full size plates. Finally, wevre thankful to the two temporary
employees who helped assemble the plates, Jim Burlison and George

Zanetti, whose ball-stacking ability wao surpassed only by their patience

and good humor.
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Fig. D.1 Photograph of ball assei�bly in mold, almost cumplute
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I Fig. D.2 Photograph of balls being arranged in the molds
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Fig. D.5 Photograph of the brazed ball plate with mold after firing
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APPENDIX E

TABULATION OF EXPERIMENTAL RESULTS I

This appendix contains a summary of the Stanton number data taken

in these tests, along with a limited number of velocity profiles. In-

cluded are Stanton data for each blowing fraction and fov each free-

stream velocity tested. For each of the test conditions, an initial

velocity profile has been included. This is typically the first profile

measured once the boundary layer was fully turbulent. The purpose of

including this profile i& to provide a 'starting point' for prediction

schemes, for those wishing to use these data to check a predictive

method. The following is a summary of the abbreviations used in the

data listings.

E.1 Stanton Number Data Listings

VEL Free-stream velocity for the test.

T, TO Free-stream static and total temperature.

RHO Free-stream density.

P Free-stream static pressure.

TDB, TWB Dry and wet bulb temperatures.

PAMB Ambient pressure.

VIR ORIG Turbulent boundary layer virtual origin, determined
from the curve fit to momentum thicknesses. Measured
from the test section inlet, positive values are
downstream.

PL NO Plate number.

X Distance along test section, from inlet.

STN NO Stanton number.

MOM REY NO Momentum thickness Reynolds number.

ENTH REY NO Enthalpy thickness Reynolds number.

X REY NO x-,Reynolds number, measured from test section inlet.

(X-XO) REY NO x-Reynolds number measured from the virtual origin.

F Blowing fraction.

B F/St.
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TPL, TAIR Plate surface and transpiration air thermocoupleL readings.
MOMTH, ENTTH Momentum and enthalpy thickness for each plate.

Momentum thicknesses were obtained by plotting the 61. or 7 measured values of momentum thicknesses and
intero/olating to find values for each plate. En-
thalpy thickness for each plate was obtained from the
integral energy equation using the measured Stanton
numbers.

I DIS TH Displacement thickness from measured velocity pro-
files.

MOM TH Momentum thickness from measured velocity profiles.

[SHAPE FACTOR Displacement thickness/momentum thickness.

X-XO Distance from virtual origin.

MOM TH (FIT) Momentum thickness from least-squares fit to momentum
thickness data.

DIFF Difference between the measured momentum thickness
and that from the curve fit.

CF2 (FIT) Skin friction based on momentum thickness fit.

CF2 SMOOTH Smooth surface skin frictton, taken from

2~ 0125 &0._ (-1

RATIO Rough surface skin friction/smooth surface skin
friction.

ROUGH RE NO Roughness Reynolds number.

E.2 Velocity Profile Listings

tF S VEL Free-stream velocity.

BLO FR Nominal blowing fraction for the run

STAT TEMW Free-stream static temperature.

STAT PRES Free-stream static pressure.

£'ORT Plate over which the velocity profile was taken.

I DIST Distance from test section inlet.

Y - YTOP Distance from crest of rough surface balls to center
of probe, with no corrections applied.

V/VINF Local-to-free-stream velocity ratio.

i 1 143



SIAN(014 H4ull N/o// 444244w 042 F/I
'21LL 54.10 1/lg.L 11 7o.4 ULG&6 10= lb-, 10sF- i0:o.4)/13', LoS'/FIS 4'= 14.b3 V'51
0402 00.0 0104' isis:x 70.11 04.64' l-AMU a!4. 12 III 446, 44* 0IRl0, Xli I. 12ý in4

VL x .14 MOM 0 141444,1 x 4 440) F It I4 PLAIN MOM81 INH L04) li
NU 10114, No "Lk 44(1 R4.14 IYNO RL 41 W YNC4 4)45:1 (14N- 114114 INCH

I 2 u~ v.0 
1
) .'43 16 346103 4) (. 40. 11)I.'.3 97.4, 04.014 .0.4)4

le u. U0.0I)II .14b 11144 1)4079 0 0. 0. 14)2. 4 91.3 04.03)1 04.4111I
3 10 v.0~4l04 ý541 7 e4 1 73'.d U U. 0 . I1W4. .6 9 7.4 04.4IWO4)2. 0315t
4 14 0.00UA449 599 323 242852 U U. U. 11U2. 1 9bN.9).I 044253 0.0119
it 141 V.00943 45'. SV16 3 12Pd38 44U U 0. 0. 14. 47.2 04. 112') 0.11)22
b 22 0.OOIia 45 1 144. 5011o24, 'l %123 4. 0. 1112.0 V6. 4 0 .02.6 0.4(21
/ ti4 v.00521 b5t5 npt. 451010U 12t.14o4 0. 0. 10U2.8H,#4.53 0.032 0.0 it)
a4 5 0v. 00 32 U 711 842 52054,7 19'4)6 04. 0. I1W). 4 '44. I 0.041 0.0444
4 34. o.OoSOS dt? I U,3 6u0978 I ie241,412 U. 0. 10.!.4 1,6.53 04.05 U1. I4,1I

10) 3)11Q 0.30.28 1041 126)4l 61591ua A534Pt,4) 0 0. 112. G4. 4.,0 0~73
1t 42 o:U.0027 12)4l 1461 7.11555 

4
03u' - 0. 0. 1i, :424 "I12 407)4 0.044

1ie 4b 21.00.264 130)1m 44 74ibV7942 4730,41 0. 0. 10U. 4 '414.11 41.0(10 4) . 0 Ji
13 bt) 0.00246 1bi.1 18W35 84,75203 54410. 0 402. U4 '"So:2 41.4440 01 41
14 54 il III04 11 19)I3 9J.3014 114,15 0. 0. 4.!.4 "4. 0.044 U.1
15' 'it 0.002!31 1&'91 e2t1)44 100o100 1,141149t') . U0. 440.4 'I44.53 0.104 01.1;!4
1t, 4i.2 u.0022:4 .10)41 2?319 10 ?5.1j0I 701W11.t 0. . IV0. 1424 91.3 11. 11 1 0. 134
17 4,4, U .002 21)46' II 247M 1144673 Q(47 0. 0. 102d.5 "'6.4 0.14. Ii 0.143
18 10U 0.00225, 23d'. 2035 12 142) 6)4 :14a5)) 0 . 0 . 10..4 91.3 0.134 441).12l
19Y 74 0 .00220! 24U3e 2190 12145u4S 93,)14 4 0 . 0. 102.5 4L),4 i",442 0.11)1
2U 0 U1 : UU.0020 24.02 24942 1353031 10Wil01450 0 . 0f. 104?2.3 44A.1 0 .1 Pil 0. 11If
d1 11j2 U.Ou. I11 27253 301A2 14Ž2d4181 1005117 0. 0. 102. 4 401.1 44151. 0.14Ill
.!2 lbj 0.210212i .1045j 340 11441004 116t,403 0. 4. I4442. 4 48.1 01.164 U4.14it7
.e3 40 2.001 248II IP4 3487 litulIQ 1230 1 0. 0. 10.2.4 4W.0 (1. 1le 0.I V,
,14 V4 U.0U.1 I1 3101 U 155 1650576 Lb iSUol 031u . 0. 1124'04.5j U.1/9 0.2U4

All, 414 IH lU01` AND1 VINI(U4AL 0141GIN4 44404)14144 111HV FITTMU I-j HI WrAYI4413JN13.
1LU0 140 11 41)6±A 0.0UI59414A-K)*4 U.1441 .8114 0H1IX)0 10.123 14)1)0'
41 X4 ulS 114 Nu'4 18I 5148411 44-XO MOM,1 14. D)4- cf, ; II-? .1 10 444ORu14.4
NO. 44j 11,1.141 1) I -LI1ALTOO 4.4 INC F IT) INCH4 44114) 5M4.,r14 HEIII4)
21 f, v. 041/ 0:20135 2:4 1,13
4 14 V .0520 0.02!7 2.2d4)1
6 22 0.0590 U 02432s 2.2.464
11 30 0.0u44 U.0414 1.u11184 11.28 U.411404, -0.004)0 0.0)426, 0.U.1042 1.101 210.04

10) 3h 0.09403 U.04,11t 1.40144 19.28 0.0621, 0.0015,OOu'l U.0025u lt I.4022 1.6 ;2#.55,
15 S0 u.15

3 4 
0 .0409I 1.4730 51.28 0U.0"12 0.0005 0.00251 U. 110 1 18 1.11 20b.18

lt. 62i U.1101 0).11IM 1.4749 43.24j U.31,I1til -11.000U.0014 U.0011.i 1.1/ .' ').52

k0 /s V.21435 0.Ius, I1.44W2 5y9.2 0.141b 0.021043a 0.00204 v.00 I1,, 1.16 24l.51

'.1g)4U1o4 NU14 (V-!/13 1 =5i 4J32 - /.4124 .1401
LIL: Z5. 4't 1Sk. 31tLl 74I.4 Ist~l 444 74.4 014, 14))t10.0144, i4,3,/44.5 I' 14.80 Wit,

4002 fe.0 u.W-4 154)-. 62.14 016 )'AN,: 34.00 14' 11641o 64445 #0- ',.34'44
OIL 514T4 MOM 44I NTH It )) 4 -o It 11-L 1 All, 040M4I14 101 Ill

54 ) 114 .11 100 HE,3 14 1 70. (NU 3 II.1:4) W I% t U , 1 J 1404 1 #

11420000 15,'4 241) 1941, bu 4u J).4, VlY" U4 0 140 1.4 14'

1 b Qo v.00411 314)2 , 382m 092223 7"14,11 0.0010Q u. 14.to% 10. 80).41 01.164, 0.0134
314 ( f O4 0."08 543, /14 * 440 1780 01) 15') 0.000) 0.i

4
34u 444.i 0011.11 0. 114 (10.1 1441.

414 U4 v.UU8401 i v 551 519, 104978P 1931t14/3, UI 0.020 W 75, 10.1. /1 7)W..! 41.U141 0.1104.
itImi U.2 0U.001,5 34k0154-10 3. 1 046356 10)105 0.0004I U.c q105IU..1, 711.54.11),j U. 11 ,I

18 /0tj. 0.'31. 1443137 5186 1341Q12?E 144108U UI( a41 11 's00 0.55 10 ,. 10.9 44,1', 0.2121
17 14 u,01I, 3t497 5b410 lffwo'o St 124)4 10.03 U .. 415. l".0) U:.1440,
20 30 U.01 41683 :15 13147 114 400"0'1 , l It. 44I 25 .5

21~ 112 010010 433 435 163245 1S30/242 0.014 0.U 40.4 7'. .4. 4.4
22 Os u.001St. 4497 9452 1634oŽ5111438620m to.001 44.4,1 40.) 04.4.4, u'.2Ill 0.2'1."

24i3# 94 0.0020Q31 !?482 SM 167478"IUb .U 1515/ U.00 06,0 1056 00 KP./1 01.2/5ý U.2I4'

5144 '-1 U04: UUV, U.2 4434A ?86N448 144110104, W~ifliU I-ol to ~40 (41 4IS.IA, P.90.14044.I1It

411 4u U U' 18M41) 41! 26AH 5 44 U14b ;4b4 W.- 40144 U.42t (123 NAll 110 ,;` 1144,
440: 14) u : U1)4 1 ' I ? 14414402 4144,ý 14 1) 41UUU wI .. ý U11) 0.064 40.1,111

14 1 4 If.0839 0.5111 1.3"0 ,4 U0ft ,#IU U' .Il 054H .1 1 l

I,6.12 o.12.0 hi.079 34 1 1063-0 6 Io.02 0.010 0.02100.024 U.' 03.017211 1).41 PH.'U. V
81 So o.UUIIY 0.103 1.26i 1177.62 01084 1 03 .0012 0.001'21U30 ( 0.4415' 1.30I U2024

10 30o19'.4UUIY 0.183 71.1b5 li4312 1.ItvI 0.0 10.0014(UO U::4 I.40S 43Iin :.32P 24.30I
1 P45 it v.4v bi16t.39 310518 ,U41 4. 2440.4627 U0.0 4 01.'01/ 1.0543Ill 4.26 422.45
16 712 0.2963 III196oi 1.6076 1391867 0.-194 -21.00.7 001590.00152. 101.21 2-13.16
WE 782 U.44 UU.2l3v3 1.4382 72.62,41 0.25l0 0.0014U 0.01431 21.0012 1,14.Jf.?. 20.143

ft U 1Il, 4 9 W 3 V 3 f 2 3 1 441uW IfiiUi U ,13 U 43 (JO P.,14 14 I U (4 1U 0::, 3 A 3 dh U1
4 ~ ~ ~ ~ ~ Y u__ ___ 46b F 4/114 1 Ob_______________



SY14-1 RU -.-- /------ V23---- P-;L I = 
'-. -

VLL- 3 4. " I ,/'ALL I~ 7P'.1 (1) L 0To 7!..1 OLV'4 14o14".l0744 LIV. 1`3 P: 14.70 P',I
TIJ((: 81.0 1) UL 4(1 0')i G4 - 010 PAW- .!9.47 114 146 V1140) lOhII Al1~ 111
I' It 1.1( mom LNI 4 1 0-01 I U 11') MOM lNO4(I LIII 1H
14 O W 1. I O ( 10 ,01`1 NO 4LY14 VOL)I YINu 11 Y(10 M) (11- ()1 (I I NCH 11104I I

I I 0.0loo5 326 3WI 134t,11 14t,20 U0.UOI( 1 6.1,0 '499 - " It.'U, 4.1 V)" 1.0h11

0! 0(I u U1 t 531' is 013113 mjtut62 I.001 7 1.044 99.5 7'. 1 11.4131 U.II1ll
3 IoI l.0U335 14/ 1~ 6 11 ) 1 lolili I114 I 0.00, ((.51 '94.(1, 7l.5 1).1141) 0l. i 5

4 14 U:00110II 1 lI lt, Y941 i4'lAl 48 2'1 Y41 0l.110104 0.6,1' 41. " 70.1,101.0164 O.1(95),
b 141 u.ou.?31 1383 .112, 31114U j-'141 OlV U. NI)11 U. 124 '410.3 It7. IO U14-0 0.1.17
b .',i U .0021()2 1029t I S3l 3,0.'1 36U, 31 0.1,11,1l114 U. 11)93 ' If-1. 9 011.44 U. 111

7 Ob, 0.UU141l 1(814 1 ?'l7 44944,'4 4294373 0.00111 0 . 1,9 94.4 77.2! 0.j. 1 ( 1.1114
If 30 0.U1) - .S;:IUY 2041l, b51),¶,I6 498) 19)U 0.00, 1PI. 0 36 u9.4 711.4 U. 122 .118H
9 34 4.UOI O 111 2361) W1 '~itS' 77U14 S4,I 7 1)5 0.001 1( I . 04', 94.3 7f,. t, 0.131 0. :13.1

10U 3it U.U17U ll' 2.59 W!34 691,0 I ,1 S 14,3 4 0 .00, 1Ui . 006 49. 4 16 o1).9 I(.1M 0.141
11 42 U0.0U01P)! 203t 711 7,91543 7I0'0442 U. UO114 1 . 1100 W0.4 71.5 0.16,4 0 .1I '
12 4o V ,. JIJ161 3011 300(3 7")b1 iS' I1P50841 0. U016 1 .1Il'. '44. 4 1IA.2 1.0.110 11.1174
13 bI) 0.00151 330,, .3210o )(u47 17 4 44'206 0 . 0 ) 111 1. 145 99.4 11.9 (11Of.19y1 0.1211
14 b4 It. UU14,?3.2 34S 1 433410 If13.$68 0 .UO114 1 . i W, '49.4 18.U0-10.(4 if. P11(1
1b tid U.1J0143 3134 3082 100i,'.'5, 9891)') 10U.(1)0 1H I.,?71 '99. 4 I/.u 0 .2 1 #1.213
I, III W!u:lJ132 39541 4904 10 111014 1051t92 0.001" 1.4111, 4Y.4 I1I.9l (). ie24 1. 2.U
17 "0U 0.0JI3f 4 A111, 41211 114 11 h4 f, 1120 ?')!. 11 . DU I8HI P83 Will', 17.6, 1.illi1 U..) S1)
I U 711 U.UU139 43/3 4331 12 O1948M 1111993/ 0 . U011, 1.1311 1'0'. 4 '7 . 8 01. 2.1 311.;".1
19 /4 U.0U1t 14'961 4b3f) 12 1-0131( 125"407'0 0,00 17 1.341 99.4 1t.1 I.1, U. ?t3
,e 78 II0 o,112 4711 4 /Li, 1 34M,'.12 1.5i211221 11. OU17 1 . U1.' 99. 4 hi. 8 0.i! 74U, P.21
.e1 82 U. OU1 .11 449'1, 4400U 1417414 114 I1,3 u. (U1 1" 1 .4 t Y49.4 71'.4 11.289 0;114,11
d2 ill fib 00121 S213 i1) 1406,?,, l4fo,W)l', U:.0010 1.6'. 99.4 7 1.3 II: 01 U: 0.9I'
d3 911 U.1U130 S41U 539W3 I)1G'YI9' P10',04 UU) 0.001 l46 .0 '9. 18.1) ('31 U.31.'
24l 94 U.UUIJU Sjo I blij0'1) 10.4141i I 1,0 4U4 o.001 1.131 99.4 78..3 019.35 U.3.04

'9K1( 181 A.()',I1.) V~lIOIIUAL 081401A (HUM (LIlly) 1-11 10 MAUM Till1 MrA9(ll1-YI.N19.
CUkVIL 41, IT lILIA= ll.0U71.l1-XUI'4 0.020U4 VIH, UHIIXUI= 1.15/ I1ocwO'
Ill. X V,,119 il4UO) III SIIAV) 0-01, mom" 74 (1114 (1, 1- 1- MAI 10 HUII,.ll

1401U INLII(1 IIILH 1, AIL 1o)' Va~ll (A 1-III JNLII [W)Il .)Auo I M L N~u

1 1! U.0'.,0 0.011,13 1 .Off75
2 I, .04,171 0J.0313 ;' 1443
4 '14 U.U19115 U. Otl!I9 1. 94211 12i?.84 0. 1163.' -U0-11001, U .l(UW'U I 0.001""Y 1.353 P4 . I1
6I Y .'i 1

4
u'A

4
) I1I194 1 1.915607 !U.114 0.0943 0.I.I12 0.0111 14 U. I'II 1I I1 .21 e ;2. 1 f

8 30 U .14U, 0:19d, Ll:#4 1.9981 2144 OU: li34 0:001 "1.' U.0I2'i U. Uu Pl' 1..,3 20.1I1
10U 3H8 0.232'Y 0 1501. 1.9Y,29 3b.84 0.1911)UiUI o01 1).(U I S.) t3'l.0110 111, 1 elf 1).1P)
13 SO It.-74Y4 V. 192/11 . 5385 461. "4 V. 190,7 -0.I(0.'l 0.0111,2' U.I116 1 M, I . 15" II)')
10, 1,- U -34#13 U0.1,943 1.91jI101 601. H4 U. es111, -I). UU(U7 U. fll II1I .0.Iu'I' 1.11 1 1.4'1

..14/ ill4065 0..276 1.4/81 /fi.84 U.d7/3 U.0UU9 1.011098 ,l.UU093 1.0j k0.ol

I AN I Ul: NU.4818 IIU1I4211/ 13/ V32 U PWA )P1. 00.((4
IL L:z 33.3 5 /IAC.L I~ Willi 0104 1') IOZ .' ) 0)' IIIUZU.0(17l LOWI)'/3 V' 1(4.10 )'",I

I .1.ý //.U M1(4) TWO-: 681.11 DLW) iPA4jz s"li. 1 15 14 M 1l VIDlluo1U- -3.3;2 INl

OIL A "II MM(114 mo 041-Ax I I-O (I 1111. T/lII? MOM1 .( IfLOTIII

NO 11411 flu kL Y u7 tJH 140 NOYJ -I 10 H Y140 I IL Ul' DIII) 30 111 INJC~i
I 5.(15 3e. IWO1 340o7 '4.1, 111 0.0041 f.?l 711 '14.4 7P. 3 01. 0 !3 I. 11111)

i! 0t v04.400 ' ). .111 1 l1'( I 7Il U.852 0.041 1.4211 ~14.11 71. n.' fIjpg, fl.i133
3 I1) U 0.0024!5 I I U~ 1.'4 2,70 339' l2201(8), 0.1)041 1.1,,1/ "g9."1 7. 11.il110/4 0I.0"0,l
4 1 4 0 .UII01' 17 /i 14', 23814f, i"l(0! ? 0.0041 d! ,'. '('4.8 11. 1.1l02 SI 1

Ift 1U ((011 2140 Uo'1') 306603 31,3 Y, 0.04 1 .414 '(17 71. fiI1l(.1l'

0 122 0.6190 u el 4871 224p 374/'1 4 31 i 'l (( .U0Q3')! 2. ,I1I 09. 1, 11.1 I. if ) '123
2e001 W4 1 Ii (445 left11 4 42')/1 4149423 0.0041 2e.7112 '09.0 6 .'. 4 11 .II .11, 4 .''

6 30 L,.0U129 U20 U '44 '11 ()(> St,7957 I 0. 1(U41 3.191 99.1 '15.1 0 .11) I fl). 1I/I,
9 34 u.02 UU, 90P U 6,5(1 57414 11 1, Jf,,41 0 ::,(0 41 S.31)4 '19.1 71. 11 ' 0.`211: I'

111 311 1,10011b 3918 37.":) h47,174 J0312 0?,UU41 3.5 -48 09.H 7.'. 1123011 14.1
I I 4W 0.00I11), 42./9 40U83 / 115408A 771105') U.111141 3 .1,49 491.b 'l, 72.3 !, 111 (1.;1411
12 4t, u . OIIi 41, 3 414 44 ;1 t,34ý 840093 U0.1)0 U4 3.l1 99 IY.7 7 3.1 0.1."7 O.V,,1
13 5(1 0.000~99 40,14U, 47-11 W.1,101)I, Y4 H?1 18 0 . I. U44 S. ll IQ' 1.S 171.11 0-14 (l.,'41
14 54 V.O0108 336t,t13 9137 01401 '.70311 0.0042 .1)S., 9ot 9.8H 71.4 0(. 31 V)1.3012

19t 5 81 0 .0 0 1 0 0 !,7/ 3 54 41 9 010744 1 066I44 10', U. O0 4 1 3. tlt," 0 9 .1 1 / 1.3 0l.33 t. U. A,2

1b 02l uU 0UU9 10416 5639 1l)9,#.018I 1 12U;'l U, 0141 4. 344 11.8 12U.), 113,)0.543
1 41111 U 0.0010U3 641,,01b 81 t 11.4.12 IleI IIA/t,3 o.11041 4. 1113 !1 9.11 0..0 0l. 71 Pt . it,
18 70 0 .l1001(' 0.13 W1'34 I 191234,4 I i'61,1191 1 01. 0421 ,I.1m'l '49.7 17.e2 11.4011 1)). 2114
19 14 0.00101 71711 W,118 U4,,0461) 1.517(1) 1 ((.004, 4. *1( '99.11 7.'. 3 0l.4,.1 U.4(14
20 111 U0-.001t,82 752e9 /.?;'7 13.OI,.l'4 131(91)5I oU0U41 t.1.'( l 09Y.8 7P. 0 ((.44P U .4,'4
2e I 7 ap 00u77 /fill/ /1,tw 13.:#.' 14831041.JO 0. 0041 5. 313 99 '1 1;1.9: 1141 0,444
22 8, V .00071 8244 76941 14,,4614? 1'3i1434 U.0041 t.14U 41.8: 77. 11.4)14 U 4 ,,$
d3 901 oU - U111 81019 O227 1 S5330 1, 1589e,6 0,.0 04 1 4,721 '49.71 73.3 U,5U(, 1). 4,13

d4 '04 U.000614 8Y917 a8Sb 100,u115-0 loi/'I 0~l .0041 4.911~ 99.0. '3.2 0.t027 0.,)03

..K1i lw81 ILULI-lF ANtI VIklIOIAL O)1iuIN I-HUM L1.(8VL I-lI11 I MOM Till ).l2A,(1141ML(179
CUNVL IIj 1141.18 0.0001,)I0-Xu))) U.9153&, ti oUlIIXUl: -31 11JC~l!,
O'L X ,P Ml Must lit SIAPE' X-X0 140M. ill 011-1- cli 2 l12 H-AIIO m01)0)1
NO 14 INLIjI 1(41.4 I-AtI N. fL 111 I(( lI I) 11.1., 11 1 111 1.9.4001i1I4*. NO

0 0 u U.123 U0.1132 1 . 7(,1t,
1 2 U 0 .074 0.0233 .5.1,),!
ie it U 09,!1 U.0557 1 .664 t
S 10 L:.12 1,1 0.077IsI3 1552 13.32 0 0.17t4 _U:(l0U1:( 0.00))9 0: .091') 1::93 14:tt4
b5 l 18 .2U7, u l129o 14.15311 .1.3,2 it 21ýe I O.oil( 0.00079# 0.O0000 ((.99 1 3 un
8 3U0 u.313,) U0.1)0 fil1 . UO70 33.32 0.10/09 1:).000IU 0.)lIl0hi 0 .01/ 1u)) .02 I 1.),?l

I I 2 0fe .41bWUP&b I.49 tiill3t, 4!)..VU 0,291'9 (1.O olut 0. Uo)U O0.1)0050 1.02 11.'44
19t aI 90 ob 12t) 0.343 1 1.66811 t,1. 3W, U. 3Su 1 -0. flul0 0.0(103 0 .00051'I O) 1.0 1.lei
eU 7 t 7.7314 0.43/6 I.70 u 01.3al2 0.4400 0.0021 0.00040 0.00045 1.02! 10.43

145



6FAII;UN HUN!'/d,13V i, Ig C'Fý; 'n":'V~L~u J., 'I ýT/ LL I= btL I ro "t. WL f l ~- NhO; .O74,5 LIf',/ I .i V= 14. lit WI'
IUUZ 11 l * U LL(I TWtiL 1,3.13 OI&Gi I'ML LL* I INL if( Vill Lo'~ pli..*o -. ,.lit) 11,III. K bil UM3114m m L 41 1 x -Aol 1' if T 'L I A IIU MOP.Til tti Il
N 140 IJlI I 0 NO it Y3IU VL';l't 44 MOl~ Wl Y140 r&1 LA ~ I NCH1 INC~i

U:U( 2 41.?II,4 fill, e24,4 330:14I 1114 U.IL,/ .I' it3. U.,. 3. 13 0LLL,

U .;U 11163 1144101 141211 1411,',' VlI V 0AI .JI 00 LL Ill 4 (,'.U3 1013. If,.41 0.11 O L. 1,1,4
1 U.0)1 14 2.3 11 2 II,, 1 214.134LL 1-4'43l, ( LL.U/4 '4 II, U-15.1 - l 7, I. ie1.40 0. 1,16,

b I i U1 1. UIL081 ;10.'o ?1 37' pj 1444' P1. ','is ys;( 4. ilU//24I.L 1)LtI .). 3 Ill.4,it I I 113 L.
.'K i 111 1. 14-I- 3131 , Sd. IILULA 31,3l1,10 I I~3Q.I ' 0 $i /711 I I M 10 3. If0, 1.4 #1 0 .LIIII 1 U4 1,T 14

b 0 . 0 0 U 14414: II3W)1 L1 PA-VL,L111 *. ), M.LL , 0VI .)Ul ItULI. 3 il12%.,LI, Ill H.4, p.i ,
4'L K1 U .U 4 MU ' U!)( 4, ', 4."^4L WAXIL '44,4 I I it . UU7 I 3 .-,I-.'1 IJ16. 10 IILf 0.ILL..l-

9 il V. OOL~ b 134 W11, 1- ItL0i ', I I.1 I; I -) YiI P .U 11.41 1 $ II. 30 , LITL 1I Us 7 - LL .? n
10 3I) LI. 111.,' II. Y1043 S "I 6,410' $4.LL W) ol, 1 M in LLJL)- ', 1 I.,LI 11P . i.37,1 IL 1 11,I. 633 U.'V4'1, 1 2 u4, 1 uOf .I I.!9 1.11YM14. 64114143 1;1.2111)', ( IUO P)I4 ý 0114,13 U I fLIII, * )3. j,' 1 1)-3" 1
I32 4t, U, /.1 U .'l 6110. tI .' *'l/I i ',11 Pl.,,3 0.0014,1113.IL084l U1L4II it$3 71 .0 1311 .3

13 3,11 1.U0.143 0.', Ul, A.2/4 tI.'666 U.',II,4 1 v LmLI'4 .I III . I )1 1UA .IL.III 2 0.44,i 1) 411)
14 b4 lU / U U.51 778 1.4 ') ,1 !41,;IJo44 U1.J3 U .IJ7 IJLM,",, I U:.JILI : A 11,", .: :4 1 ,l; 4,

1.t 1A U U~ WUL 30/ I 106 1.1. 'It,. 41:')L I-1 1 3/L . o U 1 1 lsI 1 3 3 II 7 1(1 1.

V I .17 ou Q lu/, ' U3 4~ / 1). 1 U, 0 e 1'4 ..1 ,~ 30" 1 U 40'IMW1 7341 ) 5i', ItC,/41 4, 0 4.1,
1L '0 bit U,5 IM 131394,) A 1 Il, 1004 In, Pit, 0 I 04 ~,IL Il
1 V40 UlLl NOU 5H 31064 1 U01LL~441 3 13 1410 111, PI 3,9 S314 414144.

I fW t .1)113 4411I , IAO I ,0 I'S I I u l AI.H' 0 L0/41. '..' 44 I IUS ý 7 . 0 I0. 1 4 0.3 13

86 14 u.l 0 kil I I 2 1 1 'lI 14,'1134 14 -iL,414 0 U U. Il .? il '1410 .4, to1.1 1.4 i U1. 1,4.
YI l U2 1 ).0 UV/ .,'94 .1 1' 141114 Ill 3.1','.1 LI.U 1II.4 8'.. 13:I,' 1.114

/~ ~ ~ ~~~~~ 2 4' u .11' 3/ 1 (4 1 1 1 .1 4 1 :31 9 I In. 0. it~. :1 . 1 11 1 s.4 7

'.I4 IK LL I-. -31.4 If 41".' ~ 39.3 , ti 110 3,.3II I'.3 U. - 11. lu I MO 1 41 Mltk. M 1.)1 1.1,

14. X4 ,.IS.114 MoýIllO,' 0A I 4.44 2414 , .1,14' Jil U. C -. 1 ! l .'l WA.110 V.' L. ,'H
No, '114 0.1111, 7L I ,II II PALI W 1, 4INCH IIII 24',',44 U. U. I l. I '1/.T1 3.1,, 11.',

311 ) l U.IBU ,' Of 10431 1 .42,4A If1','I. 00 f I i',3 I -11. U I .11 .49.4, 'U4. (01 1)1- 111 1143 1 /43
1, ) /4 3u. 0 . !0 4"1) ' I 110L14 *5.'4 . 111) .;1 ,/I'J I .', 1 L(4 It. 14.6 l.14~lO / 63S.1'l, 4 '
9'I /4 UI.!)(,I I 1.410, I Ii4' M~,.I4 O 330.150,Il It L6.1,44 IL.U11t1 49./t 1 I M.4 13.21 I 13.00

21 ? 41,2 1 U. IYI V.U ~1' 14 3,2 Q 1 ,44, I.MI1.14043/3 1L. U1410 . 91~jjU. / 4,.', IfL,' 1 3 .2113
15 td III . U.L302U1314 O~ 91 9'. ,3 14 WI . OU .5/ /4,11 I0. 11eU. 0 1 "'14.1, 0)11 m / . II I..'L 3 . 11I
14 '14 1 du IJU I UL3 . 1, 4 3/ I 2/41 Vll l.U 41 4 -1 11.UJ U. '49*1,.UOU to .2 44.2,31.IU.2.'I

',IL, I-l YU .0,11 -',LlIM VI. IILIIA. 04.11,1T l- 7-L) (14,V (4 .1 0 M'. II MA.L1 4
ItntL #1 . 01'.4 I Wl~o U4 ,I -AI' VKI OAML' ".4 LII It,14U VI II 2 H - U LI.' IIA 41l I,,
-LU 13 % 13144 £111i Al .1101- ALL~ IllJ III 1414 Il IL 0400444 M UMII Lt l
W1 INLI01414 NO .431140 2.1140 1 41 4;XU i f 10 1(

I .1 u.UU13U 11411)46 .'1,14, ' i
. ,e U.03 UU.511Il, U .u'I21

3 I .Uul .514 1 o1 1.,:1411 4 41A
4 143 u.04432 PI.U4~ .n. 14 t 4 .5111/ ll'0"I. U - u U5 1.011' 'I#, . t1 0.01./I 0011.3

fi t 30 111- U .3UL I' .014,11 #111418 U.)3 L.UUJ U .U10 f,.11 f.1 9 (I . /2l I 31
U1 42 110 1 U; .1-'41 1.03/2 .0311.4 U3.1403 -11.11011 4.131 1, 1.4114 1(1. 1)11 1) I4.41

lb 04 .Au41, 3.11,111 .4 Ill I 1,4.4 Ol .10 ,1 -11.1U 1 U .UI2' 14 0f1.3 I V1.6II0 14 P.0.71
81 3IJ .3U.31 U .. 1413'4. 3Q I 14 1 31,J 31.4 % .21 1 U.LU t,1023 Yll. 1121 11.6(I' ,4.(1 1

1 - . . - - -- - . u- U. U ,! ; 1 - .'.- -k- - -'l f 1 d ; ! -13.L' ; 1 - A ) . 4 9 . 4 1 ' I t. -# 1 0 . 1 4 -1 1 S



VLL- 466.t II6/SLL6 1ý 771.') WI 1,) Y,3 77.1 (1 01'( 14H6606.6131, Lis',/6.J 63 z 14.ub4 P".1
IOU=: 110.0 (61.46 IIIItI 6,4.6OHD64 fkI6 AMU=X Ž6.74 14ssso WIR UR164 (66610.40; 66 IN
"'1 ), S66, 4666 L66, 6 6-0 .I xIu Ill 146I MO).6166 1611 DO
w NI) 1 No.6 OIL6 6 Y6.UI 666.066 Wk6 Yt6k) 6R106,) 0 ()16.6 18 GI (6 INCH INC

I .' .00114' 444 .41 66'J6134 h3143166.U6 .661 .8. 111.9. 764.0 0.1,11 U.0.)16

Z4/04U4Z1 S 10417Ž .'64341140UUI U.!43 1.1 77.4 0.U61 .11Ž 1

310 461,104015 lobu7 718;,1 4410614 U006.) 0616 U.3414 100.66 78.1 66.U~ 16 ) . 1`,14
41340 U.6.00166.16t Z66&. h/l W1486,664 .1-4, 3.U6 I.6 U.404 160u.6 117.3 661/0 6. W7Ž
15 ,6 8 uUU161 846 .1 3 43 S 6.44.?IIAf'IQ 78.444',0V.4 U 0.41 1 0.61, . #4 1.66 164.07. 6 0 .1164ý
16.-; 41 8U.0017 3640, 30/4,1 24A#4 IH4 744.1374 .U6J1). 4.4,;' 1010.66 /1.8 Ii,64 6616
17 26. 0.00W1 " 4433 4437'1 It. I466 17461 I64 it. 01I1 0).6444, 106.1 7)6.14 11.11H) U0.19

17 34, ut.0 14U lots 54.1%2 1-3? 0(1' 1850 1"64 1, U 1.11011 0.6,.'6 1666.4 77.216 .0.11 0.21,'4
k6 to 6 U.001144 16211044 bI3PI1446h 7 's I6618 U.00116 U..44 1 O.116 71.6 116.1 6.34 1 I S A'

110 74ý U 0.00186, 1140 1 116IS 183 t'46 3 1 .6 U47 41 U I. Q0611 U .. 3 10 16U . 7 77.10 U6. I.4 11.144
12 4, UU U9d lbliIZ 1, W~d14 046U66 0b'U. Oi 01U 0.6S1.4 10U6.11IhI(.I i /7.60 .7 0.Ž/

/1 81 0.0.016,11 40376s 1/16 36.63."4!,6L Ail474,3 0.6011U . -. 4 1A0. 71U I.66 ft. I P, 0 .26 ,'

14 b6, 1646.66 8166.10 6i.! A 60 4 i 1646.6 !341110- 6.6 66U~ U .166 1,1 '.6601146 6.6IOiIU. 111

0 ) ts :U~ 0449 .6.1/ 40016 2., 6 0S O e)7 14U6Ž :6P-IUO f 7 8 i

3166 fi.0uU/40 0.1#Z, 1.94266 e6.4%bt 0.640 0.6616, U0.16.? 1 4J.666614U. 1.6 21.661
1, 70 00.1316 0.66I 1.!Y% 144 * 1.4 0.66466.U' U 1.13 0U -) IS 0.61.'4fi: (1.40 (1 .' 1!

"4 34 U.01"/. I 411,1 144,81) 3S3.491 0.Ž.4 -0?Zh1.001166 063t.U11 0.061 1'.6 0.1.4 1 6"'6.I
12 "u U0.1,1Žtd .16.34U 111.43644."'. 60.18110 -0.000/ U.616144 o101.7 11.0 1 U?. U.21"
Z2 o, Ž u.34 (A)11, Z3 1.46 ,,1.6. 61.'l0641 U.6J.03 I .6661 1060.06/0471.1 ,,66, U 61.

.341,U10 74 ~ 'A I,'/o 0.10 1 1600453 7 1)1.41 I)'b 0.LOU.I U. 6154 10.0h6764 1.8 , )R1 ... H4

db44A6, 4U64ul 1/3/30t I ad6I W) 4"dL. 64 .666 I16 01411 Žy IUhl~y(~Yi t

'VI(164. I, 6.I /6~.6., mN 14.0 IONL
6 
( 1(6:I /4.? 161666L 666Wo.6 14 v 6'/ MI3 I: H. I M& AYI'.1

16664.L 11. ) ' 116 ,.0 11. IHILA4U~.14.187 VI14 666.X I 66.6 t66. MPA I6tic 66 6"
I'L X 666. 66 0466I 166666I A-% M -UM 6 6. 6II CO 'L 661 6 z Will 6 666V1-
NO 1IN., 640H INCH64 666. 114 H 41k 666 1"" 41,61 66r) 6 1646 1 6414,0116 ML 6,6

It 0 0.00 '4 347/ '0.'448 1Z14 0.0) .166 1618i;66.61'66616

3 to 0.0064U U.I4t3 11666, #4w,.1 433171 ) 0.U0Ž1. U. /4,'i 166.1.407616 16.104 6,66')o
It 14 u.001Ž4-U 310#69IS,4 .606 41 .64Z 6.1 36,44ý U.6601U 0.~ 101'JF.66U ý", 16.40 /1 6.66I,)

12 4u 16 t014 i'U ,t3471 to 766 41p.'4;' 7'4414.' -UUU .001 9% 1..16.(I III-' 61.611166 0.666
lbb u.31 j U..W01 te I60 tI4016 #,16.4. 674,3U4 06.0Ž1, 0.10(1161,U 0R4 76 1 0.-)I 01.(.16

k1 4.'11 0.04 768 VN 16HL140A f- 166141 Y16.640 I.u1 i.t. 161.J 1113 0.11 66.6/'
1I 48 u.001',3 ,161 641$ 10, 7,.44.1 . 104h .¶ 0u.661" 1.11.114 6011.66t 7#,., 11. 1)1 6'60. ()fil
1Z t0 0.00144 4144 I e46. .170613.1 .l6'!, 2I i 0.661Ž1 1.43.' 1161.66 7#..'. 66.1666. 61.116.A
314 ) 44 0.03 U~d 4 4`1 Z7. I tit,4Wit 1416643J" o.U'l U .19,3 1661.84 76 ý.6 (1.11 .I41 6.0411/

14 146 W.0034 366W%0 16641 .6311/161H,I 3W64o1 U.0flue6I1. 4L,66 U I4 It,. I66.U131 11.06

S6 .,/ 0.0011/ 13ŽI 31101 1/66 7/14414/ U :U U.' A 1 .'3 161:66 76.14 61.1:1" 0.74

b17 UUI6, 0.00114 11 ,IIA 1 4 147004 104f,060. U.0. 1U.7664U 10.6 76 0 61()e U 1'4'6

166 10 0.001,3 11,UU I1Ž304.1,1,io1 31 )u64' . I1I0U. 0.001 1.4.ill 10.1164 It.. 1'6(.13360 6.1`1
14 34 0.00I13? t t 'j1 1Ž. t),141 334A0Ib, .60'l4 U .6616U0d6I 1.4666 10 1 -'16 7".4 16U6144 01664,I
t0 361 U.00116 1314 /.341 13/1 4t66 3#, 66148 1.001661 1,4$$43 16.1. 0 -,,6 66.0 lb"01.1666
it 66W 0.6601431/ 64/ 0`11114 L#7666),164 its,6A616P4U:4 u.!641 I U,Ž' 166 4:437':. 1 66.3:3'0.'P,
13 661 U.UU144 12941 14/1/)s2' 1046,64 di 38U', 14 0.006 1U'lI. 46J. 1101.4 76.4 66.Z366 0.311
I t !:66 t0.U1014 14416U4 1 C4e3.6.6 I t h0,064 ZbliŽ'6'.I 0.0166 1./I" 10U 1.' 7N.6 6634 66.6646
I,14 , 44 .UU121 11.M.Oi.. 1 A I3eI4 41 -#,416 / 411414 ) 0U.01I 1./li 101.4A 7/1.3 U.6 .;34"

166 ( 61h LU.001.6. A Fib 14,666 446 -47tlUIm? "-,146061HI 1. 6.Ud. .1 41 U6 I66 h66 7,A61-2660.26")014 ...
6 70641.06.1.1613 166644A 0.Oo/1.31 14o6. 0.114U441 '61116 I .16011 IUI.M 71-1664 UZW0-'
IL *1 U.U134 16 Z4(, I, -46 3331 .1-AMO 1406 P 06 1).164ZI 1 6.4'2 Io 7#. b f -14A1 66066666
WO60 U 166 1,4`1.66 4 16.6 6.6.06 1666.66 35111 1u64U6U.661 16L14r 1 it I / /1T . 113 .1 1.1011

? 80 0.066/4 1012'13/- f.814 10#0'Id.80 6.16413 -003 0U.6614 0.I00Z I 1114 .11.3 10 .46,
Z3 Lil tj.18j46 010)J15 33.811 Ž16,66U 4.0;SIDUe .1 1".00 001 U4 0.' 1 71.1 (1.3-7 0.141)
W4 "4 IiŽ.. 0.1407IU 15`0466 33.80A 0.14341Y 0,000l 1.0/1314.06601.10. f)UJul 4. 3'J'

12 46I, 01, 9 011 A ./1.6,74 UJ* 4416 .14~,1 -Will4 0.6601866 0.0017.' 1.11 H.
1IL X6 u.39u 0.41 1.4/4 [,1is 66.LX-O1400 Y 0.0006 0.014 0.600'. kA.4 14.01(I
Ž40 IN 114.1166 INCH0 1.4491 77.60i IT066 INLH JP I I.03 ti.0006,0 .14C No.

0 41U -Uob U0114 1 .147o



'.TANI 2., 222. 111/,'31 13 VZ922 I 1/'.12 ý. 122 11214) 21.,X ~ 2.4 2
V LL:= 10 to 6- 1 PA.. 1- It..' 112.'. IOZ: 11.1) OL~t., 21,42U *1-1114,' LOWI/113 P'' 14.2 /1, W".1

02R 8 .U . 1422; Tit 4.402 LILW. PAW=2LM Ij.I ik wUUU,4-; I
,11. of %11-N MOMf L - I-of2 X I x V-1~ 1 U II))'L I T A))' 1UM' Ili I '2o
ku 922 2N4 .. NO ). Y No.2 Y14022 Wk2. V140 Mi (i,12 ,f Lot r42 Ii0) H 12)

2 0 , U..1U,'J 1414 1t,4 27 1 5!, '462431, U.U024,? 1.4411 11)23.2 it 1.) 122.0U4, if .0 $4f
3 oJ. UO A W U" I -.eb, 44!,.i'^ 224.' ,1 21. 014ý1 I.A'M 102.1.22 10., 111.064 02.0214

4 14 U 20. O i t. .2i4 0 2/ 34, t 9)b.33 1-, )4.144,1, 0 U. U0,1 4...', 1023.)4' 6 'A2. 22. 04? 0. 1(O,

-11 4,u: o.U.2 1322s81dU4-3149, 8112440,1'3 )2IOU U:.0043 9.:2224 12:1:3.8 '1:.? 22.245 0.:511
.12 40o.0s II 004 1 142'," 24 1-42' 201-232,U 02U037 3.812' 23.2 /1' 2., 0.,

14 Is U u O2 108 7./"1224tfi 240471. , 1'34 4: U 1.., 2 i044 9.4/ 1223.5 It,. 1 21.21* .1' 22,

19 3.1 U .U0I UI 14"94 18e"7 153)4, 1"2 1 to2,22t, U Dust2,4 1 1.3% 22 3.81 71,.?4 2. 1/0 it..176
10 34 12.000/2.)8444 14.1 'll. 172"32 114,, 0.U024. 1.'). 1123.2FA /161.342 10. 1';(,
1 41 U:2 0.000/21 4112,42 19144 12232412 W,%I -) 'M8, i.2104.1 4 4132 13./ Is-,. 2:.!P? U:.? 17
It2 10 . 0 u 2 173o'3 12/4 IUi18 4-4.214!, *, 2W)u/1462 ,v0UU43 '!.W42,is22 10.. 17,' 0232 !4 2.3/2,
1I is 4 ist ,01.14)00 1,2 1 `1,4 1/04!, 3.22o ,'O .5.7W143,36 U.O V 1103 1 42 1 04.0 11 /.: 0 22.4)), U. 22,s

222 78 I.UU, t,3 249). 1'.'. 34,2 , U 2.14.' b U UU . 134 10 3. 7,.' 22. 4 1Ob 11.ý' If,

.14 44 u.uuU24 152I' 2142 41291 Is042 I.04 TO2i 23.1 of2 29l
.,1, 2 .2 2. I2 V24. "Pa )2 2 22221,124 4 1 o 2#4)2)4 U 02V 11 04 t).2) 12)2 .4. A.1)'2

21241 " 11O7 1159.,, 22U411172L-U, 0.872,9bt. .V10 o4 32I82 2242 111S 97 S2.,', f
IL 6 1 9 I 1 12 4 4 40 12 41,110 I " VSO) MU4 1224f 2U) 04. ',I., 1 22 . if II. .3M 12 2 it),2

2142 Ill U1)22.22 1 222.7-2 2 16141 3 12W2.22 O 12 122 s U 3 ) 1244.2 22 I I.P4.A.1 2 16 4 ')-J . .54If

31 1 0 It;U U3 I 0 2,34 1,2,392 S4' 11,2 W2.2I, to -2 .22t0 31 / 222222 H,0 0,2 '14 $.1.2* U,,,
,e I 2 .2.242 0. 591 .'12 .1t, 1 s M.313/a0, U0.22,' OV 1.20 I,' it.. 1 9If_.so20 .4 '28j .14 I
.1" t v4 0.3 ' 0U. 20 d 1.fU2e 23 31103.', M, 1 u ! 3h Q4221/ 21.02 1 1 .024:1 , ?1.:' 0 41 I 4'.2 42

.It ',2 if49 u.23 I..' 2 4 .- , I 0 . A2., 1) 22014 2: 212 .222) ,,2, 422
.! '. 41.U21.2, !.3y 'U 1,472 21'.2 234". -0.2. /.02 IIt4 41P,2222 0.2,2),-. 41422

J221 4 7. .2U.482 0.11 4 .11 Y4144 7140411 .42.2,41 0.004/ U..!024)1 I-0.$.2 / 1.6 I. 4 # 4'1.23

2-2.f 4" 1.2g -21 l2o22 U4VU ~ 1' RATU 2141 0 2114H

I u. v:201,73 ) U.' 9 /1 .42 .'S 9.-9' 2'./22.02 24', ~ /,2 ~u, 2.2
3 122U .1013.t2 M03 I2 3341' 41.12,4 10P -/2 1) 0.220222U ~.') U'.' 01.0.4 22 O.12 22.2
*4 14 e.00412 U 31IIUs0IP ./' I 2. 2 'i 52 *'1022' It 0211)2/, toO. 40. l sU.. 111..4214Y2,sW 204.) 1

*. 6 33 P.0,4 222 . 2&!U ' ItIIOA 3',h/o 1)82.4 U.IU1 I Q'.2 14,, 04~.0111f /2.2 ý 2. ' ,.! 0. 112

I W, 2 4h .0v: 44:I: t22 .2 1 4380 11 4 5: ' - 0 24 2 2, 0.0?W t 0 2:U 14 U. it ( 1 . ,) /12. /10 3,41)' 4A.'42I
4 .10, .; 4' t 3S.53) 13.47M 41 5it U 414)93: 0 0:0 iu~au1)2.: i', U2,.' fit , ,.'1 -2.Ol 411.0)1

22 l U52 U.204 b" 9 124 ).61 .. "'2,4' l 1.424 1.' U- 0.2222252 u 1223 2,,.) 12.2 22.'22 2.' /'

0.20.5 149 1',: /9',',IA IIT323 7-0.22W,), R11.51. IW/I III.2 72., 124.1/2 22.4

13 12 0.1,104, l'4Q2U 14048H X1,212 12222 220221.2 1/, 1 2, 22422 224

14 U .00033 b1ut 0',, 1114 22 W41/9,t.! 2,.0u)'12 /..522, u2,,:: 1#::.4 01.4~2 22
1' '21000 3) .2.9 '2) ::920,',4 l4't 23 .. 122...3 'i. ,' I2. 22': ' " I )..

12 2 1 j 0 .003 24212 13 e,2 .8'4)2 .I'..,9/01 0.2it 21'.2 /Q 4 ,. 4..' 22.2 22 it s us

10 /22 u.0002 22', /4t~4 12,22.1 -222',149 39/ 27i 04 .002231.,2, 'w.2 P2.3 2t1 0II
19m. t, 3.03 221/ U 221" 31. 202 3143,94 SO.00lki 10.'0 P, Q.'. '2. 4 42.' 2.,10.,'

20 /2 0.OUOu,Ai 11,9 e 2'., f h it1,2 1 332,22, 0.,22U 22429.'222 221.22. It,.,: A42,2 U. 1,1%
61 221 0. Uu.514 .102297 .51 Wool ,4 1/4), 15484 h 0 .22 02212,. I 1 . '4 I 1, 4" 1 1- 7.,. . W14 U2. I'0l

/ -'20 -0.00UU0 4611 I. I3/ 34089 .32)84/2 2134/ Ult0.2121,232,.2'). Of2/.22If 12,2 12.l ;11%U. /ý4'
14 30 0.002,31 344, 11-404 1.21,,44341 '401U232 .o.000NI22.'4) 3 ,'2. # If, .1 .. ' 22.220) 0.2's1

Y.12 234 2U. 00 - 421421.2 I 33145A 0144,210)1% 222. 14 2V 2j 330 U 2 . U4222It .il, 1222, 2-4 /2222 . 2- 12, 111
10 3U U U U41 212I' IH l , 2.140`14 2.1 64* . 222,2 I .V122to U.U 2,U Ill1 1' -,.11' If, 12.21-..'. 1.3 .

24 1 22ý 12 jý42.2 12, 1.22 2 .6 3 12L4 1222.22 U I f 22 12 f 1 42 412 : 1 ,2112 :;:: 11 11 3 J4 82 .2

UU I~ 12222 0 14 I*,.4U1)33uk1',1.1 14 -, .u I..4 ,4,1
14 2, 0.104 10.222,2 WW) I !J 31, 0.22,1 b. UUn2s I2.22311h 01'.22222).2243.104 11/. /2/f,
I' "M U0.11293 0,';2249ieý 1 0 t 03 L.1, 2.- U24 0.00214 2 .2222.54 21,2202222221 )). 7, , 2,. h2I',

11. 2.e U.43322 4 0.sed .1.98 .0.77h94 21.110I9 0.021 0.220) 1221 o 0.)22)8. ,7) . YA, U.

I d~ I .II 0 u 0.322`se,224.1 h) 1 4.02292, I2/ 0.51/9 4 0.012 :1220,1.3 u.:)J ?.0 If4.2:
12 48f 0.82202 el.43/I i 1 I87 3)44./9 0.423 -0.20A U1.1fisf 12 34.! 20221222 io'1'
Ia.U 78. U .*U , 10 L, I.b 1 1 32, 3 1)11 3.22. 1611 ..92 0,0240.22222,2'.22 214 .(1022212, If . 2l.$U 01,
20 I 1 diU. U303I 0.2.12', bYs 1111,4 SHY?' /.!(,0 of/ -0.003-.?23Y,4. Its. 01 1.114 U. .1ýY 4U i UU 31 111 U 3 "ts47 ? Iw. ý-3t~,.?, "s1 0: UUlf%.,I: s 1 ,1: 11

'PU UUt' 335hilI 148:
34OH 38Y411 3654tjU Oi %3 4 4 10 11 1



I -U I~- I 4' b tO UL i P M-etH 1410 V 1 111- 9 - .F

1430 INCH u i4L NI. H Yt0 fit 3343) 333 fl ~ I:(t 1- N,1 il~
1 ' ).2 o1U3.1IS 0333 46,4 M 1 2193 1 ,2.379) 0. U. 1, U!351Of 3 ). .01 1

J t, t. U3304 I3, 14 1if 1il/ 1 4 11.ut3 094 1,4 1 ) . U. I300.;' I03..1 033,109 33.3It"',

93 4t o u.s.034' 7/33i 133, 233,33,' 1491,1O) 0o. 0). 130b.' P 033.30 11.011, 0.11,51
41 4 U3 3 *310U3 343,31 3311 34 38 1) U .3 P 0030ý,7V 0: 11 IU',:. '1 )11. : 3 1b 3 3' 3

1 ot U001 ! I.(U3,3 466H33 4,11,1 3433331, 30132. 94 . 33 310. !A 333 33 3 ' LOW I34I
14 ', 04 ..1333.34 1 033 -1 0 1043 3161933 35p(31492 1). U13 i O. 131. 0.3U1. -)30. 1 13 *?.3,1

I 1 , 0 .3 .3.00 33 he1334 11 181) ,5,14 13 ,6/4 ,1)331 U . U3. I1U00.' 3333Oi. 1 03.13,3 0.1.41
11 304 u3.002.'14 33 40h ,,I b 4# 1 33 !81 4 713.21 0936 3). of3. 130 1., '3330.1 3.9 1/I M 31).,(P)
VI 34e 3j.0 2 U . 343, 7 36 110,4 23 1,8103'1/ I46l'U03'4 1 . 03. 1 Ob.;3 984.3 (1. 1116 0.1(73,

I3 U ( 31. 0.1) Ut 501A30 /83934 !4$ 1,5;'U 3 100149,71 U3. 33. 1330,.3' 0. 1 3 , 1 12)4 33.1 133
39 /4 .U UO13 I44, "3,4 ý0138,)I3 .330 1 1003. 133, 3 .9 3J.23 0. 1 ;4

I.3, 14 32 , . 33131 6114. 941 3 213 411 1, 333 3,/ .,Y I u U. :1. 33)0.. :33. t 3 3 -1" .11

23 .31 .1 MU'1 told4 1 33k 314,'$31u'3 132693 0 93 0. 130 1 321 33.33 4 32,41
14 bot4 o.UUd~13 5I,9'3 104/ u4311 u.h198 u1 0I58 1 0hIU. U0. 1310).2 1113. 0 It. 1.)H U 0. 2

0'. U ,.,1 S -133 11~ 33-i 4014064/7-1 403Y33 13 3a 3 CI - I 3 U!A 3333. 0. 6 1)333LI3'3
3I3 f 34 lie U t2. 1332331 ' It) 17 3 19,5 e333 4172.313 0~CI 31 3 1 Wjg3 3435 33')1. IA /0.

I 3033 I t.13111/1.. U: U~ O.4i;?1 0.33333 124 43.l , ) II4039P41) U6
111373 UU.UII' 1 3.3j4, 1.3'3333 10.13,i 33.349?48 U31.33t333 0.3333 3.033' 41 IN30 W
19 14V~ . 1 843 014314! 135"14 t31.); /3 .1) 3ed1I3 U~1131 U.33I3.3 5. Pj.0 9331 3.9U.e(31 U. 51'14

33 30 6 .1 .3 0.0Li 3330I1U 1410833 S 317 . 33,12,,3m !J.0132U 13.3I331. 0.331(10 1.31 113 dO .;,1
e1V 1463, UQ 1323/ 31.S68%3 b,"P3'.,'3 $341jtl,1 0 .33 ,O it33031 3.331,1 b3..332 1.3333 ,13331,"'1)
1? 3. 9 U U..310 11 ,41 1.413,1 U ,44WT, 133co.0.91 33.U.3 .3 1, 1 0 1.'I'4?. 0.3 ' 1.2(36 1).iP.' .5
d4. V34 U.0i 0,213 IU 4 of LUC& N 3.1. ubli 11,3 31.130314Q U.0I1 MO.1 ?IU. U.0 ' 1.e44 U.;3.536

V3LA 3 .1-14 L IP A14U3 V114/0140ilOI 011 ,114 77.3 L, 133 1 7 IQ333.333 fill3 4L AYS3 1.1 04 14P.73 ',
11131:f kit. 3332323 PW-U 40.01* 0Gb 3'A43 29.113t 3. 1V4D ,3 Q 133 334'0.1W.. -NCl *'.13

343. 1313 W 13, l 33 M UM 1 34 11433 333 u w~ii-I 333 P11-1 ct , 33 33P 1 11,333 OIlICI
I3- IN' oIL L I 3C1 II~ AL3T3 OH L343I34I 13 1,,1 01 11 b'3 33-' I43 33 1334L IV3'

.3 10 to.UU311 U.0 I4( 1 ,14MI IU it,343 ( '1.04.5 -u. ?U3.' 01. 3L.' U3). 10 11. Ill 33 I IOU '
51 133tU 3104U'3 10 U. ,33I43! IA.1 ,,/6433 . lit,3P) 33.3313 0 3.33', 333 .4 O 1.1 33 I. 3649 11.3'5

01 31 S o.U.P341 U 33. 4I 2 12. I 1b4ti o', .1 313,13.33 31.1313 0013 T 0.4 3 1131.33 5/ 1. 3.3 H14 ill.31'
I3i 4f, 0.:21).11.U:3 *,391 0334, 41,4' It,3103:21 U,.0113 31.4 1, .111 0 11 3.13 333'

113 3II v .,3,13, U. IUt ' I903 4u213 t3,1 .3 i I w I t! 0.1304- 33.4 I,0 333 t 1 . 111 ::4 33 , 31 ,

1. t 1.0014 33I z; 3333 71j 14 .243 1t~ 3214141 L,..3J0 0.443313313 1WV31.3 = 14.73, 1 33!.311. ~~ ~ II 33 ,3 o.1313 TIA443 l31u131 3C4130 IIA,1,4 IN3 lita33' V0.43w,, 13.3,.3 1333 14 33

140 '.4o.3,J33J 4333 32 ~uk VN413 V1.,' w) 31,, 4433I3 33.04 30.13u ;3. 3A 314 c 0.I3
1I to4 0.13130 de )4 8 1 3.3,3 b 3)3313. ' 41 .34 0 '0.2WAý 1) 0 . 0fUIt .03.e 3313 11.13 0J. i Ie30. 11,13
1.e to, 0.13033 1 YIU 1?4317 41~,!34-4 341,41 31U .00 U AU.P1.1 J3 3 1."1 34 ./ 1.4 3) .Oj 13.'"4'

i Ili U. lle03'1 13,013 0!/ 4 33 1 ?' 4)24 14M- 11)t .~10U . 3 13.1# 1013."1 11.0J l3.12433 03.0-4
1'. 14 U .013 U .'' le- bI -tcl 1132 1.33 33,.3., 0 ,1,35 U 3 01 41 11 0.3 1 31131 .33 1 2l V 31. 0, 31.3',43
j3
3  

I3 U U: 0114 1,33304 4 9131 d2'3,.14 U '.34 1 I 4 i U1 ) 03 1~ U30' 113: 4;.2 0.3, I31I.24II3:
b1 332 itU .3112 t33'15t, 11033. ,3.1 '. , U 011,41 0.31113 1: .',U,1131. i 13 U32' I0.2','

I3 91 3,j 0014I) dt /1,613 3433 I t 4 8W 14 )U1i .3 111,.4 ,,'.,'3 1013 3.14 33.1 113., 3321 10 011'31

Of4 3 i4 UU.C3 310 M11.! 4 O 2013 -0'4#,13 14 V1341 Q.OO1O0 0.3.10 VI 101t /A .31 0 13.1333 U. I I
Y1 3 .1 4 3,. 3203 33 0 P,32 83.134')e !33,3 '4i 43311,4923343 '1) . IUU .U. Wi t10133' I 133 13 ,3 . 1. 3'1 A;?. 1.

I U334 3'3iU ,VU1 441) Y lo 333lb 1, 4 3411AU3 0 1 4W U .31 i . 44,'433 X j3 -1 tI.1It /73.3330.14 3
I' I k I . U13 1440 1 f1 1Y3 1 334313 ?f '74.43 e 94,6414 33 L, 3) U 1 3'0. '1 ;1 1 3.3I' 1. 4 11 13 L , 1 1).331,

e3 4 v U: Of) 1332 349 3 3'' i Ic be.fo 31-.1132 11331 UJI U :432 4 0 13333I :.433 14 3,3 ttl ,03t ;

14 '.33 ~.3to Q 33,310 3331 1;?l,13 . ,1',N05 *13314.' i,.S u it I I 3.3'14 -411 I .3 1331, '. U 1044 U 3 1, .41

133 o.2 U U1 42,1331/3o1 144I, 1- 4b51,33 3 I 1,4 '/13 33.13313 .3,3 3. 31 33I.33031I 2. 2 b 1 ,014t.;,1,3
b .7U U31.1 433 0101 'uU IY4 /:4 3,3 13 '1.1' 0.31: 4 314 .31310 U.3:,If" I .313I 3It1 4 (:241) U:.' I/

1Y~ P43. 3..218312 133. t, 10,43333' 41.1' 31.,4;o3 113331341 U330,1 :Ie U 003Ito33 I 2.333 U .3SA
i o13 1 3,2 U. 13 1413, 0. '1311 1.013 .j3 .- , 3 '. 4 .14," 31).33033.' 3.3,'31 U I. to,1 1-0 . 264 1"-.4-0
23. 1 781 u. Ut A .1 10.,34 113.3u 'A, 1 3',.'t 114.2 I e U. - 0.33 31 0 11)i 31 .I tI.313 1 1 )dP U4 9.` 'J.?WI, L.~ 1 Is~,e Ii5 1 , 1'4,'444111U U IJU.'(( 0 . 1.I t !b 4.?he3))U U 1 0 11I 31 4: il0 9 U1)0:S,6)l:I 11 , 1 (

eJ 41491UU40UhU lGIIbI

- ' ~ 9 Y4 U' ---- ---- 11/4-..---.-..-.-.--..-- -U .2 - - . U e I



S1ANTU14 RU" 8/20/13 V=139 VT/trI F=.UU2
VEL=138. F FT/SLL I= 71.h. ULGF TO= 78.u OEGF WHO=0.U739 LUl/FT3 P= 14.70 PS.
TUbO 76.0 ULOF TWB= 0!.0 ULGF PAMk= 29.87 IN HQ VI1 0iGoXo.1 -1.30 IN
PL x UIN MOM LNTH x ix-XO P- U TPL TAI| MONT1) ErITIH
NO INCH) 140 KEYNO HLYl 14 VT1j0 NEYNO OLIF" UEGF INC16 INCII
I W U.00288 €#55 654 136365 230457 0.0019 0.664 99.4 71.9 0.014 U.010

2 0 U.00329 2591 2018 409096 b03188 0.U019 0.583 919.3 77.4 1.U38 0.030
3 10 l.0U254 3545 3557 6816?6 775918 f0.UU019 0.752 99.3 77.U (0.052 0.04Y
4 14 U.00219 4841 45 1 914557 10411b`4 U.0014 0.185 99.2 77.2 0.071 0.066
5 18 0.00201 6000 5615 1227287 1321379 0.U020 0.992 99.3 77.6 0.U88 0.082
6 22 0.U01U0 1091 6688 1500010 1b94110 0.0020 1.033 99..2 77.6 0.104 U.09h,
7 26 U.00185 8182 1730 1772748 1866b40 U.0U19 1.043 99.2 11.7 0.12U 0.113
8 30 U.0017( 9273 8745 2045478 2139571 U.U019 1.4115 9Y.3 77.8 n.13b o.12n
9 34 O.0U071 10364 9737 2318209 2412301 0.UO19 1.111 99,4 77.0 0.15W U.143

10 38 U.00168 1138o IU118 2540939 2685031 0.0019 1.139 914.1 77.2 0.167 0.157
11 42 0.00156 12341 11691 26t3670 2957762 0.0020 1.274 99.3 77.7 0.101 0.111
12 46 0.001f/ 133b4 12639 3136400 323U492 0.0017 1.047 49.5 78.1 0.196 0.1•)5
1.'> 5U u.U0155 14318 13573 3409131 3503223 0.0019 1.217 99.3 77.1 0.210 U.I'f9
14 58 0.001I50 15275 14516 3681861 3775953 0.0020 1.314 99.2 77.7 0.224 0.213
,'a 56 0.UU147 16227 15443 3954592 40486UL4 0.0014 i1.b0 9Y1.3 7t.8 0.238 0.226
16 6V U6.00147 17182 16365 4227322 4321414 0.0020 1.333 99.4 77.6 0.252 O.240
17 66 U.UO143 118137 17301 4S500053 4594145 0.0020 1.394 99.3 77.6 0.266 0.254ýI
18 70 0.00145 190W3 18228 47727M3 4866b675 0.0019 1.331 99.4 77.6 0.279 0.267 .1
19 74 U.00140 2OU4 19139 504551b4 51390Ub 0.0019 1.350 99.3 77.5 0.294 0.281

".U 78 U.00139 .0932 20035 5318244 b412336 0.U019 1.3b0 99.4 77.0 0.307 0.294
•41 82 0.0013b ý1818 2U9.'3 5590914 bb85066 0.U019 1.382 Y9.4 716. 0.320 0.307
22 146 0.00133 k2713 21803 58h.705 5951797 0.001Q 1.40., 49.03 77.3 0.334 0.3210
23 90 U.00134 e3659 22689 613b435 6230527 0.0019 1.444 99.4 77.9 0.347 U.Aj
24 V4 O.00121 i45s.t 23t;60 b6O9166 6bU325b8 1.UUI9 1.)uti 99.4 78.0 0.360 0.346

5,4Kl FRI L.UOL(. i4N VINIURAL 066IN FROM CURVE FIT TO MON TIll MEASUIILMLNI.
CURVE IT THETA= U.OUbU0(X-XO)00 U.0495 #VIM O91(xU)= -1.383 |NCHES
PL X UI1 TiO MUM Tih 54APE. X-X0 MOM TH UIFF CF.2 0-2 RATIO RUIX&H
14O IN IN10) INCH tACTOlk 1141)5 tIll) 1NL1 (FIT) SMOOTH NL NO

1 2 u.U29b 0.013b 2.1705
a b U.Obbl 0.0384 1.b644
3 10 U.0870 U.05.4 1.b611 11.38 0.0537 0.0013 0.00225 b.0U103 2.18 101.00
5 1• U.1412 0.01196 1.t281 19.38 0.0867 -U.UU31 0.00U02 0.000815 2.39 95.90
S30U Q.2114 U.1311 1.0127 31.38 0.1338 0.11027 U.0)U015 0.0)0074 2.50 91.,i6

12 46 U.3072 0.19b5 1.5h66 47.,R 0.1938 -0.0021 U.OU1o8 0.UU062 2.hi H7.33
16 62 .53072 0.249u 1.5511 63.36 0.25.7 U.0021 0.OUI0 0.000b/ 2.15 63.38
d.0 1 U .4141 0•U.30 1.a335 79.548 U.3 U,2 -0.UUU9 U.00149 U.UUU00 2.84 19.38

STANION HU14 21/7/73 V-139 FT/SLC F-.004
VLL-.3'.. F I/'-AL I: 77.3 ULW6 TO= "10.8 U:1F kHO-u.0738 LIIS/FT3 =: 14.71 Pll|
TUU= 71.U ULGV TW=(: 65..O DLO- ('AM6a: 29.87 1t1 11G VIM QR1.XUZ -1..1, IN
PL x 11N MOM LNTH X tx-xo) F U 7111 TAIN MOMWH ENTTIfNO IJA..H NU h0,. PLYN O Rl-t; LV#IU RUY#1UL VC W-F OP:& INC|1 INJCH

1 2 U.UU00108 1414 1 3341725 24710U0 0.U031 3.4):. 101.6 771.4 0.U211 0.012
1 b U.UU46 6b 301 $79 1!547 4U3t01.3 3520939 U.0U33 1.4W7 1Ui.2 78.U 0.U15 0.034
13 5U 0.UU0 5 d186 5 07418 35'112 786195 u.uu36 3.Ob5' I1i0.4 77.9 0(.070 0.2b2

4 14 U.UUI 0 2bU b19991 90 3 -3,4437h45186 0U.UU430 4.384 101.1 77.14 1.09 0.11114
t 1 8 U.0068 7133 IU0') 25l3bU0 021t1083 U.00U30 4.711;o 101.4 71.2 0.31/ (1.301 U
1. .2 U.UU13U 92Z6 2 8251 4 4•173U'f, 4283729 O.UO3q 3.013 101.4 78.0 0.137 0.31 20b
7 66 t.:00118 I40630 2S097 174U2l3 18631211 U0.0039 3.:28 101.4 71.9 0.57s 0.337
8 3U 0 .UUI0 1 ?U49 1248eU 47193312 d1324•8 0U.U39 4.64 1U142 77.9U 0.179 0U.16
19 4 0.01.182 133267 123 6 42141,82 ,509 110 U.0037 3.326 101.2 77.3 1). 1'04 0.U|7

IU 38 11.00108 14674 136126 2557825 0212 U734 U.UU00 3.40.7 101.2 77.5 0.4•1 0.356
11 2 :-U.0U00U 24U34 I173 28517069 5321599 U0.00389 3.921 10U1. 77.Y 0.231) 0.422
12 460 U.UUi78 7094 16424 3096311 5U01934 U.UU3 3.U37 IU01.21 77H.8 U.5I U0.243
13 510 U.UUIU0 0 h7 5 1734 3039 b,,(, 3171b02 U.0038 .5.b87 101.4 77.2 10.277 U.451
14 ts U.UUU069Y 1 8331961t)U 3634O04 31418863 U.U040 .3594 101.1 77.8 0-.07 0.282
I b 5a 0 .00U088 ? 13316 ku2 'b 34 04U48 U01•131 0 :00U31 4 .:? # !IU1 . i t 4. 0:.31 1 / o .50 1
1 (, 62 UU0.1449¢ i!2b84 2|51• '394173."J1 Is 4637b U.I)036 °32. 1Ul.0 7H. U0 331 U.320

819 16 U.UQubt £403U e2SUI 044i314 4N5)!20 U.01304 9.ToM I4 1111.4 77.i U1.147 U.339
4 70 U.1 UU8 :%37 0Z4.18l•U o 471172 .8a'46'i U.0034 48.184 101.6 77.Y 41.377 U.3'18
I"1 74 l. 16 UUU4 e67.0 ,l 4.465 491L127 50941lU U.UuM 4TI,05 • 0 1.4 8I.1 0.391A U.0177
20 0U.I0, 81e80U1 ?bb.9 52!)02 I;? 1.-31114 0.01134 (.T8 IUI.4 77.6 0.4Lh U.9A0
21 2 U.O04,118 dY34H W5 Is 1€#516 5032t,6.9 0.0038 4.88f, I00.. 01.5 0.643 0.414

2 86 U.UUU75 "644 2411M - 1.4 b7 ' 0 tqU sl u.UO . 14 IUI.S 77.8 0.456 U.4,33
e3 U10 0.176 IIU. U 3U319 b1.SU8b u17U4 U0.UU0U 0 .10 1 101.41 /(b. 12.8479 0.01

211 93 0.30b4 013319 1t28 31.68 I,5! 0.117833 U.1.1038 b.b04 0UI.4 76.3 0.4b 0.710

VI~N PHI CL44F ANU VINTUMAL OWI(,lt, FROM CUR/VE P11 To MOM T o| MtAYMENILHttIS

1U2I il . H4E9TA= U.UU25 4 (X-X1.69 U7. 2U14 .VI1 O 00I1XU)= - .1-b?/ .5 /51%
OL X u|S 1H MO•M 104 '.iAPI, x-xO mom TH DIFF CF;' co-2 RATIO NOIK04i
NO Ili INCH linCH AL TUN lINCH (FIT) INCH (tFIT$ %MOUTH lL NOl

1 2 U.O4u5 U.Ol1b ;e.2966

3 10 14.1176 U.UbU9# 1.bU4 11.bb 0.I)7U09 U.UO110 UeUU18•4 U.0U(Ih4 2.89€ 442.01
t. 184 u. 19-1) U.1159 1.72117 1Y.68 0.1147 -U.0013 O.UO162 U.00US1 5.1. i 6b6.1

B30 u.JU44 U 1788 I.?U26 31:68 0.IZ78 -0.0010 U.OU:I•WU.OUU42 3:4.1 o0.7L
4266 U:4298 0.2b"1 4 1.b6Ya 47 6A 0:.b'5 U.UU17 0UU012S 0 U003S 3.€ b9 5.b:0

16 62 0.5584 0.3381 1.6517 63.6A 0.338?2 U.00)11 U.U14-U..00o31 -3.13 72.37
20 78 U.11;19 U.41W 1.-384 79.61$ 0.4,17 -U.U0U5 4.DUI0oo U.U0UUUI"05.IM by 9

1
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61414100 RUN b/i/7-3 NO 1)108 V=1911 Pf//IC
VEL:4t,1.U 0 F7 LQ T: 78.t1 UOLG TO= 81,1 0116V WIO:.073? LI4/FT.3 PT~ 14.62 W.1,
10)1: 110.b ULGF 140= 04.0 DLGF I'A44, 210.69 IN IIG VI8 NIIp -2,1.9 IN
PL XC 1zTN MO0M INCH x IX-ICOl p U 1PL IAIN W140141H ZP4T TH
NO INCH No 141780 RLYN4 Ht Y1.0 14F.79 1)11,.)- 1)104- INCH INCH
1 2 0.00421 1414 793 1141)48 44214!;, 0. 01 W.o. 1 141.8 0. 014 11 .01111
2 b 0.003114 22,? ;229v. 5t.45644 81W141 G. U. 96.3 L110. 1 0.0.31 0.01)4
3 10 U:00319 3960 34.13 '4427410 11l963.37 0. U. 96:.3 97.2ý 0. 04;? 6:l(
4 14 0.00293 b374 4766 1319036 1b7343.1 0. 0. 44S 97.4 0.0!,7 .11 1A

620 0.00268 7542 t,861 21.74028 232 702b U. . 90.3 194.1 U.1.81. U.013

183 0.00247 91,0 87197 28id.t,93061910121 0. 0. 4b,.4 9t,.2 4).016W 0.093,

9 34U.UO44 1559 7233204311 .3458914 0 . 49.3012011
10 38 0.0023b I10 ISOI Io29 .340413 3)130010 0. 0. 91-h4 941.3 1. 122 .1.113
11 42 0.00230 12444 11409 3Y949439 421310b 0. 0. 9(,.S 9-3. 0.132 0. 1!2
12 46 0.002132 133617 12380 4J33000 4,' U90202 U. 0. ol0.t4 6.9 to.142l 0.131
13 50 0.00220 14330 1 JoZI13 4713701 446,7244l 0. U. %1. b. 9',.3 fl. IW 0.1-40
14 54 0.UU222 L51 1l 11089 50100197 b344394 0. 0. 9b.4h '6.8 0.161 0.14Y
1b 41) 0.00219 16121 14923 54471)93 5721490) u. 0. 9h.4 9f,.4 u.1711 01.14)1
16 b2! 0.00221 1700)4 1o7h2 46449(19 uo090b0 0. 0. 960.4s to. 0.181 0.117
17 6la u...0012 17912 1646-8 022204)4 I4b0? 75621. 11. 9b.s 944.3 0.190 U.,I It
18 70 0.00217 10701 17318 604k9181 0842778 U. 0. 9to.4 Yb.1 01199 41.194
19 74 0.00211 1460.9 16184 69071.77 1,229074 U. 0. 96.4h 94.6 0.205 0.1193
20 78 0.00209 d0457 18977 73!,3313 7606Y70 U. 0. 90.4 "k,7 0.2!1? Ui,201
21 82 0-U.00b 21300 19701 7730469 79011406f . 1). 9b.4 94.1 11.22f, 0.2101
22 8. u:00208 e221l4 20542 b107565 834,1163 0. 9. 9.4 96.2 [. 235 U.211
d3 9O0 0.0204 23003 k1318 840466,1 13738d49 0: 0. 90.8 96.4 61f.244 6.?Pt,
24 44 0.00213 23413b 22104 a8fb1747 9114344 U. 0. 96.).to'98. 1 0.2b3 U.234

41114N I-R1 C.LFF AN)) VINTURlAL 01)1618 FROM0 CURVE F1P Co 14jU Till '4CASINLI6IW
CURVE. 1,1) 7)4LCM: U .004*IlX-XQO)*; l~f.4bt0H VIP ON I 1XO1 -2.b94. INCHP,'.
PL X i)1 Ili MUM8 I il i,4A' I-COM T4) IIi 01 CF2 Cl-2 RATIO (40)1111
NO IN INCH INCH F4ACTOR 14CI) Iil T) 0INCH (FIT) SMOOTH1 IlL vJO

0 0 0.0107 0.0049 1.8188
1 W 0.1.2101 0.)149 1.0138
2 u U.0521 0.03110 1.7029
4 14 0.0930 0.04/4 1.6,207 It,.!,Y O.W1475 0.0001 U.00291 0.0014#, 2.00 149.f89
0 22 O.124b U.01:00 1 :!h(, i!4:,(:9 0:0800:I -0.0011 0.0024 0.00134 2.0 US I S!
9 34 u.1u99 U.1120 I.b173 .Jo.19 0.1119 *0 001O 0.U011Ž4 0.100123 2.109 1u4t.4
12 4u u.2143 0.1417 1.4117 48.69 13.14d1 0.0001 0.110247 11.00111, 2?.12 141.;71
1to 62 U.09 .1811 1.4862 0,4.011 0.18U7 -0.0003 0.00236 0.0010'U W.11 144.11W

id0 741 0.3L919 U.2116 1.4688 is00.69 U.9179 0.0001 13.001228 0.0)104 2.19 141.41.

SlAllT0j, (41.),13/.4 V=190 I-T/SLC F=-001
VLLZLI;0.8 1, I/SLL lZ It-to 11101 TI): 79~.u vi),." 814:l.0311 143' H/143 I'= 14.61 W41
IUkiz 81.01)1 014 1Wi1i 08.10 1J10I- PA88: 29.79 I)114 i V111 0k(410.40 -,1.Z10 Il1
PL x b0N MOM L1414 lit x X-XOl1 F U IPL 7*314 64UMTII LIITII
140 114111 14 Nu 79 (41780 W.N FY14 10 11671,1) DI'1F Df Gi- INCH INC14
1 2 0.00340 1419 8,43 1119bofiH 346,i7? 0.4000Y 0.;6,2 98.2 801.1 0.016 , 00119
1 0o 0.00320 3418 440) !41.'h,113 1778-001 0:00O11 0.29? 47.9 7m14. 0.131, 0.11?,,
3 10 U 00211 484.! 39/I0 9493.1',' 11".193 U0.001)9 .35f1 91.9 7P1.3 I).1S41 0 h4..
4 14 0.00244SWb 02 0 l 43 13290)74 0145929 0:10010 0:.3911 98.:) 71P.4 11.1:) 066U1o: St
S 18l U.00226 75y, 64)1)) 17001111 1 911664 0.00U10 0.44U 90.1 711.9 Oi (I011 W.4-)
4, o2 0:.00221 8829 1194 2088443 221)740U (10.11.19 0.421l 911.1 79.e 11.0103 I11.04?
7 2b V O.0220 10063 8988h d4uh.824 et07113'j 0.000 0.4.1/ 46. 1 7q1.3 0.106, 0.04)4
6 30U 0.0020kk 11297 10144St 2848)011, 30461111 0.U000 0 .4)!498.11 714.4 (1.119 0.l111
11 34 0.00200 12431o 11297 3W2.77W 3436*1.10t 0.:1(009UU 0.44)1 911.0 78.b 0:132 0:114

10 30 U.00200 13164 1242) 3b0)1487 381t1.342 U O)04 0.40,3 98.0 714. 1 0.14b 0.131
11 42 U.00189 1490t, 13423 39h IW W3 43900.77 I). 40U10 U0.42 U)1?1.2 98.1f.140.7 0. 14W
12 446 0.00193 15949 14uo24 4310948' 447401l3 t-.0010 0.412 18. 0 $11.2 01.168 0.l11A
13 h0 0.001,184 17088 1 b7117 474W4,14. 49~!4444 1.1.01.104 0 .441' 98.1) 744. 7 0. 1)) I 0. 1i,o4
14 t)4 0.1.0(185 1142i 10111, 4121,2'i 43342114 0.001)3 0.4-3) 9 1.' 11 4.b0. (1.19? U.111
14 48 u.001)16st 19307 1 /04S S440110 bl, '1/40SI9 0.00139 0.44,A -1.9 ?/.Y) 0.d014 0.1$48
10 02 60.0018 204110 189112 4J8S491))) l,))1l4 744- 0.0030 0. Sue 48.0 74.to0. 11., 0.1,44
17 66 U.001.1 10 1044 19943 624, 4 1,7449)0 0.00101.10.','9 '8.0 144.b 11.W214 to. 210
lb 70 0.00163 W22.8 20994 bh,044311 0844224a" 1.1.11000 0.449 40.1 71)4 114.) .d34 ll.;'2I
19 74 0.00177 23733 22022 702,1))', I23391,1 l 10 0.JU 41 48.`I N0 19.1 SO.41 11.e232
2U 784 0 .10111 247/8 11.11,14 7404h44? 7tI o139b U.0009 0.543, 9o.:0 78. 4 ::.21,1 13243
le1 82 .007 24822 e , 240/4o 7 1844,17 19"134V/ 0.000I 0.'A41 ')8.0 7M4.4 41kI !1 01.2,13
d2 46 0.00106 .1,81,.. 24034 8116 oIt4.513 11373161 0,0009 0.444h 914.1 74.1 (1.l113o 0..?h
23 90 0.00172 01,111 2#6032I 81444)48 t117d42903 0.0009 0.443 ')8.1 79.8 0..?44 0.274
dol 4 WI .0010 !)1I0U ZbY 18 823/164 YlS,46S 0.00046 0.61Y 98f.1 I10. 3 0-104 0.2di4

4)11)4 181 104.18 p.13 v1IMIUHAL 0813))4804 I .1)44414 1 IT To 14UM THIl MCAUI4IL
M

LNIL..
t. UW WL. II I THEW14 U.0060*(XX40*4 0.84,01 .41k 0831.1)): -2?.2)13 11H,1-,

P81 v u
1
1 11 1)1 MU 114 '11*14 4-40 MOM8 IN 1)14 Cf2 cf~ 1, 8*k110 11001.1H1

(13, IN 11tH IC I111 AIL Il OP )L14H IF I I 1I11 11411 t 8001 SMOOT HE0N

1 2e V.029 I 0.0..? 1.78434
d to u.bI4 41.0 1./2 14.IeP

4 4u:1002 U:.0062 1 :b!41, 11.2 0, (J1,0 -4101.0002 I .0101014 0.001011 2.30 140.4451
41) i2 0. 1484, 0.1)99 1.5494j .'4..2a U0,932 0.0003 0.00..34 0.1114l0)l 2.42 141.6,7
9 34 U.2046t 0.1311 1.4601 30).20 U.1517 -0.000)) 01.00d2I 0.00011/ ;?.40 141.841,
12 4t, o.i4t.8f 0 .18I 1. 'Iito 48.20 U. It81, 0.0003 0.00.0S 0.1.11.10) 2 .44,b 13.78
1lb62 13.340U63 bi ..216 1.41) t'l.20U U. 2144 -0.1007? U. 00I)95 0.01.104 ?.62 133.7s"I1) 1.4)41 'JU.2j, 0.ljo~ll 1..01.103 U.1!0164 0.00009ub 2.66 1311.64
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S.TA33fU3 WU14 8/.!8/73 V=190 3FT/SLC F.-00-!
VLL=1 E9. I 31/S" . 1-7.3 OLGI 70O, 330.3) 01.3.3 3433311.0131, LIIS/F13 P=: )4.61 VSI
1031: 86.0 ULOF 7433: 61.0 UL~3f PAM33 24.19 13) HG0 VIN 0013,3130: -A.5',i IN
PL. 13 %1N mom LININ 13 31313 v II WL rAINMOMt 83013 .310-
NO0 INCHi NU Nt YNO k43.3.3 RE1 Y140 RE3 Y140 Uk.3.F 31 GP- INCH INCH3

1 4 U.00314 1b01 966, 14183361 52;?701 0.01J20 O.034 911.6, 711.6 0.017 03.010
2 6 U01.10291 3b1Y 2861) 56Ob002 89942i) U.0020 0.704 433.7 70.9 0.0383 0.030
3 103 0.00,!32? 5?14 4610 9416,03 1276143 0.0020 0.813 933.0 733.4 33.0W3, 0.044
41 14 0.0020b6 ~115 6205 131W)524 13,52l.64 0.W0 0 .03*149 OW3.H 704.3 0.013 1). ()(i,3
!5 18 0.00189 84fto 7727 169524S 202958S 0.0021 1.114 938.6 714.1 33.909 33.OA33
622 O.00100 9983 W 14 207190,7 e4063037 0.0021 1. 1 h 911.8 794.2 U.10of 0.0-183

7 26 0.00181 1139oj I0671 2440608 2783W!8 U.0020 1.131) 913.8 79.3 0.121 0.113

8 30 U0. 0016f 12403 1i209$ 2332'H'9 3159749 0.0021 1.22d 98.14 /9.3 0.137 0.1.?8
9 34 U.00164 142i1 131191 323121l31) 3"ti,470 U.0020W 1.23.1 98.9 711.5 0.151 0. 143!

10 38 0.00160 19,728 148S9 3570LO1*~ 3913141 0.0020 1.P533 911.9 18.1 0.16/ 0.1,18

12 44 0.1.11,152 103459 1/570 433,2294 46.6b634 0.00;!1 1.344 413.7 79./ 0.196, 0.1131

13 50 0.00146 19718S 18914 47090 1h b043355 0.0020 1.361 140.6 7A1.8 33.210 0. 2031
14 b4 0.000I44 W1191 "0232 t)014736 t5420076 0.1.021 1.402 90.3, 7B.11 03.2?! 0.2 1,
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J. Ole 0 . 4h 1 * 05 (I .01 1 . 1. U 1 1.'0 U . 41 'I I0.UI ;l 0. 11.11 1) . ((" 1, () -.54 1

U.I U / .434/ II.U 0. 0.14 3' U.0* 1' II U.o 4! 1 1) .;' 0 13 / 1) 8 1 J.9. 02 O VII)

U.014 UJ.46(l 11 ! OU 0 .111 00( 0. u' 4W((.0 .7U 1.1,1 14 / 0. Iilit. (J04, (1 .4!,1
0.V U I .! U:44 0.1( : 11./Ill9 0 : i v U 41)* 1::,119 1.II : 4:II.40* , 1;d 4,11,(

0.Uu047 h~ 0.19 030 19 0. 71,1 UI i, .;i (04 1 1 II'4# L .1. j, .j000

U Ul/ 0 .,4b 11.51' 0.5(01 0.03u11) .' 0. 017. 1 11 . 4 P., 0 1I, 41

U . U ts (.4b01 1.U4 01 ). t)I.33.' 0.51, ).'(1 ,'j5 011. l It It. 1,P3 01 4 U.fI
0.1)97 0.4b14 1 0.41,, Q1.9( Si U.11.40! , 190( 0. U1140 . -41 h , . 1o ) 6
O.10/ U.41345 11.U`0 t.b1) (1.91 0 4',1 U. 31 ). (1. O4 0 . ,1j.di U 1) 0 op

0.11 U/ Sui- 1.9( : ll.U s4 1OY ~,119 , U .1::,4?11 1 0 1'
U ./07 0 l.9310: d 's u: I:.' UN ..0:.U 46 U. )/1 I.1) I)./ l l .. / 1iIt (

U.0.5,4U/i f 0.9.111 5 U6I U. J U 7 it.'4 It.9 1.47. 093U:037~ ~ ~ 1) tUU 10::I) !ý!:I;
) ~ 4( 33U1UU1 8 1

U . 47 . 1103 0.1 11 .7bI I. I ) u -,I I (J.0148 I A8 . W4 .UU
U : ,3! U 11 l!) U 1 7 1: Ill L .104 1 .UI
U W) u W1 2 ý UIkl 0 V: U. l;?6 1 .UOH YOU:Ub U t:48 .V) 11 itI U .'W, U .JA7!j .) Ii ' "0
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VLLQCLIY PR-ILE5 W111 IBLOWING AT 903 FT/U1L(.

F 5 VCL VU:.UIl- /b.LC 90.4lIt/b.LC a9./:/I-. I U.))2)r'I•, 882V L ll T/ ,SLC
IJLO FH 0. U.OU 0(002 0. 0)4 U.008
SIAT TLMP 7b. 5ULIb 77. ODLEG1 7b. UOLG 1t,. 4LGLVr 76. 35LGF
t.TAT PHLS .4.b,0P5A I4.b6,bUV41A 14.7SUt)oP.A 14.16P'ýUIA 14.77UP1SIA
PuN) to 3 3 3 2

U.15T IdINCH .INUIN4 IOIIlIfcI IOINLIf 101UIN

Y-YrO|' V/VINF Y-Y TP V/VyINl) Y-YI' Oi V/V1NF- Y-YT1 ' V//VINP YY-ToP V/VI F .1
U. U. U. U. U. U. 01. 0. U. U.
U.011 U.440 0.011 U.4.)8 0.011 U.429 0.011 U.531 0.011 01.3"74
U.1.U U.450 U .01.. U.468 U. U1 . U.431 0.01.3 UJ .JI U. U 1.05 0.3142
u.Ulb 0.4b,2 0.015 01.481 U.U 1 0.41.2 1.01U I) b .11011 0.U1h U0.401
U.017 0.468 .(1U.17 0.494) U.017 U.4•4 0.017 U.411 U.U17 0.417
U.02U U.482 .U19 0.UbUb U.0119 0.474 U.019 0.41)) U.U19 0.14214
U0U.S U.50U U.021 0.S17 UU.21 U.484 U0U.i0 U.43P 0.024 0.449
0.03.0 U.523 U.U26 U.538 0.02,3 0.490 UU6 U.1444) 0.029 0.4/13
U.UU3b Ub7 0.031 0. btU U.U•.02 U0. U5 U .1 031 .4 0.034 U.48)1
U 0404 U b52 UoU3.6 0:5bT1 U:027 U:!14 10U3. 0.:487 10U3.59 U,5)11
0.045 05b64 0.U41 0..)93 U0U.32 0.!34 0Uo)41 .(1,0!1 0 .044 0.511)
0. U0b U0. 80 .U04 0.605b UU.037 Uo.5U 0.046 0U. 0. 21 O.049 0.1•.51

U.Ubt) U.b10 U.Ubl U.0621 0.042 U.5) 0 . U'15 O).',(,) 0. U09 .1 Y',)
0. 0t U0.629 U(U.0 U0.U44 0.047 U.580 U.0 1U. 0.567 0.009 0).'111

0.090 U0.bb 0.011 0.6b14, U,.1)U U.1104 0. 11610 .,M' 1 1). 0 1)".48
0:511. U.b97.5 0..U11 01.96t 01017 0.721 O.206 0.7)1 4 [., U. 62?
U 14U U. 7341 0.U91, U010 U 0.167 U.. 31 .2.31 (0):.) o 11 0.19 0.• 9t
U.4 1.t U.171 1). 11.940 0.11. 01.1 U 0.106l (U 1.() 4 0.144 (1. 706
UIYU U,8UU 0.1.36 0.793 U.0619 0.071 U. 1.$. 0,.t fh 0.lt,,9 U . 714.!
U.21 t) U. 0 33 0.1 1 OoH3U U° 091 U. (140 U0. I 55 10.721) (1.(.)4 u . "112
U .20!j U. 868 0). 1 fit 0. Hut) U. 1 it7 U ' U.710 I 1 ). 111 0 71)l 0.21Y I. H IS

SU.31b U. 934, 0..211 0.9/6 U.117 0.721 U1 Ub U07 U31 .000)U
0-U365 U.971 02(I,+ t 0.425 U*12/ 0.743 0,e31 0.8+13 0. 31U .0 i.9.t)-

SU.41ib 4f.4t92 o . ?8t) 0 .Yt4 u.14 I ' U.'lTj U .2• iet . tiitu 0..50t) U(I.I1;.,
0 Uob=o l.UUU 0-330U .90° U U. IId , 4 L'+J 0.331 0.911 0.4lq19 0 910(

0.8 0.99 • 0 U . 11 1J)) U l~ U.84.3 0 .31;1 if IN,6q U. 4bt,9 0 . 99th
0.0b J+ .UUU U.?2? U.(U 1 0 7b 0.4,1 0. Y I+P t LU9•U I . UIU

SU.ý?4 I 0.4U5 U.531 0). WIQu

0°21.7 U.9,1 TV l l.U
01.347 0.1079
0.341 U.99 9
0.447 1.UUU

VL.LUGITY PRO0.ILL5 wITH llL0o2IJA, AT 139 F1T/LSLC

P t VLL 139.'Il-I/SLL 117.u3, T/PLC 15,6.l 6I3FI/SLL 135;2()-I/.iLIL
tsLU FN U0. 0.0U1 1,UU.! U.UU4
0lAT ILhP I 7b. OULul- 71.9L'L l- If,.-,ULF 7 /.30t.t 0-
STAT PH,.• L4.b0/OP•,IA 14. IUUI'SIA 14. IUUP|IA 14.71UP15A
PUN T 3 3 3 -%

U0 .i IUIN)ich 10 U! 2N IU l ltic1 f IU V1 NL)

Y-YT01Q V/VINV 14- Y-YIlUP V/V1- Y-YTIU' V/ý 11Nh Y-Y 1I9' V/V IM9
0. U. 0. U. 0. U. U. 0.

0.011 U.434 U0U.1 0.420U 0.1)11 U.41U U.011 0. 3l

0.01.3 0.4b%4 0.015 U.444 U01)3 U.419 01. U15 11.Mli
U. 01!) . u449 0. U015 0. 4 li U. U l!) U. 4 ?b 0,111f II 592 -Vq
0.U17 U.480 0.017 U.4uh U0U1 U0.44 U0.U,')) 11.1411
U.U01 U.491 0.0)22 0. t)!A U. 0. 1 U..461 U U4 . 1) 0.' U- 04.3'3
0.U'U I U..)UU 0,027 0.1)1(, U.021 U.4h/ UU3U 1). •.hH
U.U02 U.522 0U.U5! 0.').55 U . 0 21, U.4( 4 .80 Th 0.I411

U.031 U.t44 0.U3/1 0. - '3'j, U0U31 U.')U0/ I )NO 41 U °.')1 I
U.U30 U0.504 0. U4I U.1.)04 U*531h, . U. .l1)' 0O. ')5 U.',j."4

U.041 U.57t0 0.0b7 U.tl2 o.u41 U.'J41 U.Uh65 I.4),)•
0U.U51 U.bO ) U. U,/ I tU.531 0.01) 0.7,7 0.0)'. 11.541)

U.0U1 U .03.4 11U77 0U-uU Of, 1 10.1)053 1.)1 Il 0 o. U54
.U.Ull Ub039 0 U%.U'1 n.b92 U0.71 0. o2Y 0.135 U.,713

0.111 U./41 U.1I/ U1./39 U.011I )h 0.e1 0 11,)1 U o0."l"
U.ISt, 0.1 U b U.14., U. /oS U.09)1 0.,74 0 1J, If') 0. 74f,
0.14.1 U.1159 U. It./ U.816 U.111 0.114 . . 1,' U.171
0.211 U.911 0.19L U 0.1fb1 U.130 U.759 1°.255 011. IOP
U.2.l U.972 U.;17 U.896 0.lt.1 0U2 1. 192 0U ))1.;
U.311 U.99 0.201 11 0,952 0. 1 at, U. °424 11 . 3.1 5 110911)
0.3b1 U0.999 U.•5/ U.Yb U0dI I U. lbb U.310 015 11.9' )O
U.4b1 .oUUU 0.3,07 11.9981 U0.2i!1 U.*)l12 U0.455 0.977

0.411 1.UUU U.3011 .110I(,/ U0.!)3!; (V998
U.361 WPM) U .0 (, St)I.(IOU
U(.411 1.0UU
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VLLOCI(Y P1(O4ILLS WITtl ILOwIN(O Al I'9) FT/SLC
F 5 VLL 191.u3ýFT/SLL 190u.t21 /S.C 18.Y.14/-1I/SL 190.431T/•'LC
IILU Wk G. 0. U0I U.U00 ()0.0u4
tTAT TLMP 78. 1DUL6- 76.huLGI- 77.3ULGV I/4.UUL OFi %JAI P1464 14.,*!.OPWA 14,.0/ 1U|'1A 14,.61'UPLI•A 1 4 o601U!.%IA

PUR T .2 4 4 4
D ISlT UIUNC1t 14•INtLI 14LNLHf 1411411

V-Y T0' V/VINJ- Y-VrTOP V/VII* Y-YTUl' V/V I1F Y-YTOP V/VI11
U. (1. U0. I. U 3. U. U. U.

UU011 0.494 (4.094 :).U10 .u U1U.1 0.021 0.333'
U.Olu U.b2 9 0.013 0. '.AU .0,13 U. 400 (.015 0.863'
0 U. U21 0.bh1 0.O, 0U. 43.! 0.01~ 05U. 411 0U.U l') 0:.$4
U, Uda(, U~blkU~ 0U,17 0.4u38 Uo.I 0 1 w.419 .U1 I U. J.S I

u. U.53 U 0.603 0.U02. 1).4o3 0.IJ U. 42It 0.0114 0. 306,
U.u3tO U bi. U.2U/ 0. 480 U .02l 0:431 UU?1 (1:. , 71
0.04IU 0.6513(0.03.2 0.49b 0.W23 0.443 0.0W3' U .38(
U.Ubot U0.' 0.037 01.511 0. U2b U.14!U O.03', . 0.387
U.UOl U.724 0.U4./ 00.23J U.02/ U .4•,it 0,0/ 0 . 5b

U.U~ U1 0.183 0.057 O ,H 0.031 U. 146 7 U ).U3.1 U-4 ;4U: U I u U:837 U:067 011010 0o U4.! U:49h U.4i :U J ,•3

U,131 0~ h 00/ 0 !01 U.U3 I U .119/ ( U41 4.48
ho U IJU . 944 0. 00U7 6.16 0 U. Oh..) Ub? U. S;' 2 OW 4b7-

U . 1 1 0. 91 0 .U97 634q U.Ub7 O. (5.53 Vt. h')'/n D Is * 94
0,2Uu 0, .99 U.122 U0.6 3 U. 067/ Ub 0,) U U6 1" (1./481SU:231 0 999• 0:141 0:711 0:.U 1/ U . !, U. 07 :) b

U 9•bu ,1.UUU 0o1 7. U, 746 U O.tt I U.%1 S id .l 08 1 ')21
U. 197 U. IM 0.09/ U. 603 O.U'47 Ot."Al.$
0.22 0.• t*il . 010 / U~tj19 U.101 0.51)4

fI.,e72 (0.1/0 (U.13ý U. 0 f • .13V 0 .1.0(
U.3"4 0.92.!0 0 V) I U."0Q2 I . 0.1,18

U.AT1TL11.964.5flI.U.724/11U.GF /(3V./tI2Y4A

0.42, U°48. t O U.'(17 0. IJ M 1". (.JI7 1). i,/.10
0 • -. 1. U 0J .26.! 1). Md " (). O° ,d5. 0.108()

U. allW• U. 64t, U.*!• i. l(Io
U. 33iý 0.119/ 0.3.5 0.i U tj14

008 43 4/4

Uo.(--o 4/ONI 82. 0.N I-oU"VO
U. 0. 0. 0 0. 0 0..990

0.011 ~ ~ ~ ~ ~ ~ bi U.1. 001000, UI1 03.

1-11 S.4 VL.0218-b 0.527 T/UL0.4,

0. FM .49 110.01.01 . U . UU o

0.051,L!ý14 7 0.Ublb L461.041A 0. 49 .0.2~1 4.3
PORT5 4 .3 d.7 4.2 .,, .1

0.05 061 (114 1:4.4(1 U1141 0:31

U. * , 0 U0.~4.5 0. 0Io9i 0.9149t UI .01.5 U . 3 J,,

0.1U3A5 U.444 0(.029 0.!)27u.0V U.U M,3

U.5 - 0it .471, 0. 34o W.000) 0.U11 0. ,36
0.1110 0.49 0 :03u U:.1 :11 u:,579

U:.JU0:5U.1154U71 : fe.5 1 0.41ll5
0.255 UW, 0.( 0 91 8 U.031 0.414.
ll.305 Uyu U.11 V84 U.2 U3,0.4(02
U0b.3 Qfi e0.4 11.900U u.01 U.4716
0.405 O.94)519, .7 0 . Wi U.9I)4Ot

I)

U1 1 5

I
It

UL.OC.rY PU F. ?;? 1 -24, ()~f -999 U.UhVIN , U. 57ý.' T S

UIL - t! 0. -M U ,J u AUU U U.1 U. tjU 1
:~U IIA T APll.,b U 71B02L U: 131, U:649

U.H 1tj U.8 U-1I u.i 1
U.41.1 (.04 U.N• -361. U.• Y0l 6

0:4U t U:Y9 U: 4%. A° 0:U 11

u 1, U 1• Uv; ! ,U . U .jbl u o0 1 U, 31,
U,~ ~ ~ ~ ~~~~tu 0.bUqbUUuU./ .I, .
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APPENDIX F

LISTING OF DATA REDUCTION PROGRAM

The following pages contain a source listing of the data reduction

program used to reduce the Stanton number data. The program is written

in Fortran IV and employs fixed-field input. Output includes the re-

duced data and a listing of the raw input data as well. Input require-

ments and card formats are documented with comment cards in the listing

of the DATIN subroutine of the code.
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4. 61 AIA RLOUCTI0tj PROGRAM FOR P0LGI4NLSr, k~l( StANION. NC JA LNER~L, 13AL PU' S

d~6IQI4),AE.XO(244h .TABhuTAMh3(4).1OUT,?FRoIkNHQN

CIJM;AON/UAO/I(LX(24*),bTtJC24It1FE(24)

L LU,4LULTION LOSS COtj6TA,4TS o EVALUAIE 8/'26/73
UATA CONU/.145, .1aO..1.5I).UYOP. .1U,.2$U..I&5#-..o.i1u, #.150e.131.

4. SH~UNT NLSISTANCL.S# CALIBRATLE) 4./73

".9bb#2.9b6,#3.Uie3#3.020~/
L . ~LUIJSTANTS FUR cokRECT1UN OF Albk INLF! IýFAP FC.X CASTINia IEI4P lM1SM.AT0F

U.ATA UT1N4/.097,.1bO..0b4,.194e.Ob5,.(*ý37,.U25..U5.8e.04U..060o,.121#

94CALL UATAIN

PHLSzPAM~~860 * I/ 12.
ULJwCOHRI .-. 00?b!(TDH-6U.)

PSl=F`STAT/I2. *b2.3*DENLQN
Lý(I- i1.EO.3) .OR.(KI .EQ.6j )PUjOXO.
PSx=PuiOX1Id.*b *~3*U~f4COR

4. LiA IS A CU 'IS A 4T USED IN CALC OF LLi-Cl PUWLR

P=071. $0 4
14= '( J:1)41

I ).~(.J 41Llh ((KI.NL..).AUH.(KI.EO.6)lTAM81IJ):T(TM(~IfeT,)*3
CASI=4TCtj(N14hTCS(N) 1/2.
CA~e=(TCS(NI+1I4CS(N+2J) /2.
LS3ZlCSCN)+(TCS(t4)-CAb.Ih/2.
CALL LMF(TCAS3,TCAST(Ije~b3J
CA-5.4z(TcS(i4)4CAsI)/2.
CA.LL LW3.T(AS4.TCASY(I.1Jl-b3)

CALL L*IT(CAS5.TCAST(I42)eSb.3)
CAL(,:( TESI4eI )*cAS2(/2.
C..LL E.MFT(CASb,TCAS1(I43)etjb3)
LtAS7CA52+TC~ltj+2( /2.
CALL LMFT(CAS7#TCAST(I.44h#S6%I
CA~d.ICbIN42) *3TC6,(?I*2)-CAS~e3/,.

V CA.LL LMFT(CM;,8.TCAST(1*5I,~b3I
L ALC OF FRLI_ SrkLAm TE.* FROM Ic RLAýIt4G

( 'CALL LMfT4TAIk.TINF,16.5I

(bUK.GTJi.AU.(1.LI6))GO 10 12

VA IwSQk T('4VAN 0%00 2. 17062.4b/C(L,.*RIO INFl)
VLL,,O!VA1R*JAIN/ (770.*64.34*CP)
Cuk'4tLTIUN UF Fe.EE !pTkcAi4 ILMP FOR ViL HLAU
T~eLH=T INFC (1 .. CF)*VELHjL

1#4v0LU=R3434NF

LUiXO .b*CP*NMOINF*VAIR
lit l(1(IUUT.EO4.Oh.AMCJ.(IRmUH.LE.OIICAL.L HL1Au

1. LATL POaE34 CALCU.LAr1014
P&4UL(j:CU1.EN(.El41N(/WI N)
CA.LL LW TI !ARIN)eTet631
CALL t.MFT(rPL(W#3TPLATLos65)
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CALC OF TRANS FLOW FRO;4 FLO ME)L'4 LMcOA1~l &3LU4,KI=2 SLICK(
CALL LMFT(TCFM(N) e11.113)

CALL FLONI-W AM1U,TT. IR~iOloK1,NCFM~4) ,ACF~i#,PLFLO)L Cu,,R(;TotlOF AIR TLMP FOR CAS1 T0 AIR TLMP MI1OMATCII
LIF I).LL.9)TTAMý.75eTANILiTI(1+.2b.TAtAnrc

2 )

ILII--T14hTTAýM-TT )*(1.-E P(-1.17!,,ACI-M) I

t VIAL) FROM FRQ.NT OF PLATLS
bol I- 1I(L...,AO.N.L) GO ly, 41

(,U TO 4j?

TIAOI-4: (Too+,4b'9.bI/100.1)#
-4 QRIT-HTC)js..11)4#( jI TPLArE+4b)9.!I/1flr'.I**4-TfiAJp

4 I,4tU(,.
L L~oUJCT ION LUS'SpS VROM PLATEIS, LOIJOIII &RUM LXPi..I4.

7Ab,4=((TCAst.tIjI44b9.6/I/UU.Ie.4

LI- I'(0L.~3IvO 10 dl
4. I..S 1JU TRAljS

L RA + CONE)) I1JOi IALK0iSO THANSo.IC Al %V(. U" Alk A1U I'LA1L LiACK T0 40

4AtI--utlA(A/3bU0 *

i: Lý)iVZU .

tiLL (h =() :.

1U' TO .23

LKI IjLT./I),O TO d.

NAL, -HO~IA JiACK IR 'H.IPCKO i4C Ar itATL , ALA li~I-'

6 K1Z L 1 1;
12d tI-VLJ.I PL A IL-Pk -IL N/ I P'VLi..U C il 6 A -APi'FLI" XA I

I VL, --RI ( ACK IP3+4-4.U) /I ~ Il n (.I # 1 # I I-

L, I., hU RACK*LI Lij Iit ILAS -iiC TwI

LI- IV NIPALK.L.IQ.)C TOA xu

LIV ('4.Ijl .1 I )L'~1~ILI
STA14IJIA '40 LALL # bA,ALI' uN 1,1,% .I.U ~A, L TOIP 0I'l

SlI h.i.lzu¶ * , O I

(KII

lb -L Li -LI4U L 6I

*:.I VIL 4AI 1~ . k lo Zi

N, 0 I IT AU)) ZtiE X (' )

I t A A=LON%*I-LO~ .b
I HL AN:I4 X (14 +U.~
I-WLLN.UM*U S
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11- 1 H L A . 1 ) W) U01 T 7

II j4L I I4 *L'J t 4 I *LA I 0 *41 T Y 7.4 L4 i'l jI

SI
75 l. (,I t1141A4

I (IU I .0L.0I . 01 lit ! L Ul.41,;4.11N itL o4I, IUIN41 &0 I9,LW U - I LLNJ I HI XA. 1 HLl(,. LOI0
IIILL IN)1 1 1 L. I, I1 .I I4M LlIj I41 I I
It (uUI (P1 I 'lLit p~ 11. 1I Luo.l11J414. *LHL)4w. ILN~LtJo INLXAA IIILX14#UL9,k-

IIILL (NJ . l1'Lij oI I . Mj)AI 114) t-141 Di
S. 0A I .(4 1#1S.4,&1,.?t.'~. 7 .4*1- 2P Lo 2F?1%4S I

11-440 IO U, .1114 1 -I.) N.~.1 l 'I 7114, 1 4LII1 mIi (N)I. 1'4LWU. 11-L. IN+
1LA4' Liu;L I LlIXI A I~t Lli 1II1 L I () o IT ( Al ( I IL'"II'LI * ,'4L-'L71J~rL.
b ui~ l At Il.i 1). 5ofIb. Jo It,.1- u.;,. lb. 14. 1Ie4l t..! # lite4- 1143@e 1-4. Jo 4V Eu. I f 3F14 *

11. PL k 14 z .0I *I (u Id1 414
1I- 400 *H=%.14L I/I l I)*. L I(,1.o I ~ e (OI... lLLKll..I-e I I *li A 14'6UUU

,_ M=11 I ITA, 110 'I 44lAL9.UCO,4)T/J',Iil

14 * I 1 eN
IV (~¶ IU - U.. $,..1 tv" IL14,111,1,,1 ?aI I 4..5. (4 I t.L1.1"), *U C'-I t

o.5 II -( I o444 .LA,.I.4 I 1 14 1 Ih 1). .L .11 P:LL O T
f u L AI ( I II ) S ý 11 1.6 (1-SIs .11 ? 4.310. I. 1~ . 1-IL(3(1 L+lY

JAI , 1 14.9. Jo4U 1 44

I ~Al (14 13- .t4 lL)* 114(1i 7.2. 11 ll dl . 014
LI U 19. I jj I11014+4(.. * IoLIl11

4IV(94Wll.1. j.UAIIUJ. 11'040p(..Lt .014)CAL 101410

440LJ. 1I Nt 1jt 44j
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IF(I tos .N.3) EiRIT(16o,15IiJ, TPL (N) o.TA~ttJ).I *.CF"(t)
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32 PUH4MAT(II0 cFlO,3,FIO.4'P1U.Se 1OuVIlO.3eI-IU0be3$F1U.2)

IFr(K1 V,Nti) WR ITE (6o15) 14oTPL (10 sTAR(NIPFTCWMtN)eoLhMI(N)PFLII(No)1.jtN)IoN
1,T05(N .5711(N) ,STHAODSTSiT~ePLNu

uri TO 13
b9 IF (9 .*L.EQSHITL(6,39)Ne TPL(N) #TAR(14)PL~iI(N) eLb(N~),SIHl(Id).SVRAO

591:i' iAT( 11O,2F~u,39P10.Qe1:IU.3120K.1:1(.551:1UO.3)
IFt6K1I4LE3? WRITE (6001I09TPL(I) i TARI(NI ,TC1M(N) '0)-M(l0 eLMiNI b (151)) .5

111(N)p'STMAOeSTSTOFLNB

(.1) TO 13
bb LytjT INUL

wijI4QT.Ia)GO TO 38
I F ,(K1.44a3).NITC (b132)1409T

0
1.tN o TARIN)0 'kHifl) .10#0soY )o6k(11),N

T
bi)oMI

IF (K ULj, 31WMITL (bul1511tITPLiN) CTARU ohoTCFM(N)l '0)MINI eLII(I1I #E8(4 o 1
t' )CM'N).STM(N) ,STRAO
(it, To &3

3M 11: (KItL.E.3 1 w1I 1 1 6 o,39)14#,TP1.)00#TARHM J ltHCN) o *thtt'),TM (h) oIHvAO
IF4I- t~*tL.3)WdNIYk(i6eMQ)1I)TIOLIN) oTANM041I oICFMIN) *LFMiI4) 01.11W') #tUIs.411

tIM (ii) %TIIAU
13 LOIJYIN"t
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